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EXECUTIVE SUMMARY 
This report details the evaluation of GIS mapping procedures as a low cost tool to assist 
resource managers to monitor and control bighead carp (Hypophthalmichthys nobilis) and silver 
carp (Hypophthalmichthys molitrix), collectively Asian carp, in the upper Illinois Waterway, 
especially in the vicinity of the electric dispersal barrier (located at approximately river mile 
296). Relevant biological characteristics and habitat preferences were derived from a biological 
survey and a literature review. This information was integrated with historical and current 
physical and water quality data into GIS coverages to create Asian carp habitat suitability maps 
for the upper Illinois Waterway, from Starved Rock Lock and Dam to the electric dispersal 
barrier. Interpolation procedures and analysis were conducted in ArcGIS.  A GIS database 
containing all stages of product development, metadata, model tools and reports is included. 
Pertinent results and conclusions from the report are: 
 
1. Asian carp habitat suitability declined from the La Grange pool upstream to the electric 
dispersal barrier. 
2. The Starved Rock pool, in the upper Illinois Waterway, had the highest and largest areas 
of suitable habitat in our study reach.  
3. The Lockport pool had the lowest and smallest areas of suitable habitat in our study 
reach. 
4. The percentage of preferred Asian carp aquatic habitats declines upstream from the La 
Grange pool toward the dispersal barrier. 
5. In the upper Illinois Waterway, Asian carp would most likely occupy contiguous 
backwater areas near Starved Rock Lock and Dam, secondary channels, tailwaters, and 
tributary mouths. 
6. Suitability maps help managers focus monitoring efforts to key locations. This tool can 
incorporate additional information about Asian carp habitat preferences as model results 
have been tested through additional sampling. 
7. Other factors that may limit establishment or advancement not included in the suitability 
maps include: 
i. Flow velocities upstream of the Starved Rock pool are insufficient to 
stimulate Asian carp spawning activity. 
ii. Distance of open flowing river between impoundments is less than or 
equal to 35 miles in the upper Illinois Waterway. In contrast, the mid and 
lower reaches of the Illinois River are 75 uninterrupted miles. 
iii. Primary production, measured by chlorophyll-a concentration, declines 
from the La Grange pool upstream to the dispersal barrier. 
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INTRODUCTION 
Bighead carp (Hypophthalmichthys nobilis) and silver carp (Hypophthalmichthys 
molitrix) (hereafter Asian carp) are relatively recent invaders into the United States that have 
rapidly expanded their range since they were first introduced in 1973 to control algal blooms in 
aquaculture ponds in Arkansas (Freeze and Henderson 1982).  These fish were selected based on 
their filtering capacity, opportunistic feeding strategy, and ability to consume phytoplankton.  
After their introduction, the Arkansas Fish and Game Commission enacted regulations to ban the 
stocking of these species in public waters and required Asian carp fish distributors to register 
with the state in an effort to reduce the opportunity for introductions into Arkansas public waters 
(Freeze and Henderson 1982).  However, the fish escaped into public waters and subsequently 
extended their range into the Mississippi, Missouri, Ohio, and Illinois rivers (Chick and Pegg 
2001) (Figure 1).  Invasion of the Mississippi River Basin by Asian carp has had significant 
negative repercussions, both economically and ecologically, within this ecosystem. 
The continued range expansion of H. nobilis and H. molitrix north into the Illinois 
Waterway is threatening the Great Lakes Basin ecosystem.  Asian carp are efficient planktivores, 
prolific breeders, highly mobile and have rapid growth rates.  These biological characteristics 
enabled these species to out-compete native species and to become the dominant fish biomass in 
several areas of the Mississippi River system.  These biological characteristics also enable these 
species to be destructive to the Great Lakes ecosystem should they become established in 
significant numbers.  The Great Lakes fishery is based on a food web that is primarily dependent 
on a planktonic forage base.  Establishment of a large filter-feeding Asian carp biomass would 
come at the expense of those forage species currently supporting the salmonid fishery.  Loss of 
this salmonid fishery, conservatively valued at over $4 billion, would be economically 
devastating to the Great Lakes economy.  Adding Asian carp to the already growing list of 170 
introduced (released intentionally or accidentally and via shipping) exotic species (Mills et al. 
1993, Holeck et al. 2004) may have synergistic effects to its ecosystem structure and function 
that could drastically alter the existing fishery resulting in significant economic losses within the 
Great Lakes basin (Mills et al. 1994, Holeck et al. 2004). 
 An Asian carp management strategy is needed to effectively control their range 
expansion, especially into the Great Lakes, and their distribution and abundance in the Illinois 
Waterway.  This work will develop and discuss a GIS based tool for the management of Asian 
carp in the upper Illinois Waterway by compiling available ecological knowledge of Asian carp 
habitat preferences within big river ecosystems of the United States. Information gathered 
through a questionnaire and a literature search was used to develop a GIS database of physical, 
chemical, and potential Asian carp habitats within the upper Illinois Waterway to predict areas of 
potential management actions.   
 
Life history and biological information 
Bighead carp are deep, moderately compressed fishes with a smooth keel, small cycloid 
scales and a complete lateral line (Kolar et al. 2005).  They have large heads with large terminal 
mouths.  Their eyes are positioned low and may be seen ventrally, and they have spineless dorsal 
and anal fins (Kolar et al. 2005).  Although bighead carp are primarily zooplanktivores (Xie 
1999) and facultative phytoplanktivores (Jennings 1988), they are considered opportunistic 
feeders for either plankton or detritus (Lieberman 1996).  These fish are pump filter feeders near 
the water surface (Jennings 1988, Lieberman 1996, Xie 1999, Kolar et al. 2005) and their ability 
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to produce mucous over the gill rakers enables them to collect a wide size range of food 
resources (≈ 20 µm) (Jennings 1988, Schrank et al. 2003). 
Bighead carp spawning is triggered by changes in water levels, flow velocities, and water 
temperature.  Females release their non-adhesive bathypelagic eggs during rising water levels 
while velocities are high (greater than 0.8 m/sec) and when water temperatures are greater than 
18 °C (Jennings 1988, Schrank et al. 2001, Schrank and Guy 2002, Kolar et al. 2005).  The 
fertilized eggs are carried by currents to floodplains or tributary mouths which are utilized by the 
hatched larvae as nursery areas.  Juveniles migrate from the nursery areas into the main channel; 
juveniles and adults utilize both main channels and flooded areas and prefer quiet, perpetually 
flooded parts of fast-flowing rivers (Jennings 1988, Garica et al. 1999). 
Silver carp are deep bodied, laterally compressed fishes with a well-developed keel and 
small cycloid scales.  Similar to bighead carp, silver carp have large heads with terminal mouths 
and eyes that are positioned low on their heads which may be partially seen ventrally.  Dorsal 
and anal fins do not have proper spines, however large fish may have a stiff, thick, serrated 
anterior ray on their pectoral fins (Kolar et al. 2005).  Silver carp are primarily phytoplanktivores 
(Dong and Li 1994) and facultative zooplanktivores (Opuszynski 1981, Spataru and Gophen 
1985, Kolar et al. 2005), although they are considered opportunistic feeders for plankton, detritus 
or bacteria (Lieberman 1996, Kolar et al. 2005).  Like bighead carp, silver carp are also pump 
filter feeders (Leiberman 1996, Xie 1999, Kolar et al. 2005) capable of filtering extremely small 
particles into their gill rakers.  Silver carp gill rakers are denser than those of bighead carp (Dong 
and Li 1994) and are composed of very fine gill rakers with a “sponge-like matrix” which may 
collect food particles from 8-100 microns (Cremer and Smitherman 1980, Spataru and Gophen 
1985, Lieberman 1996).  Stable isotope results from an aquaculture pond study suggested that 
there was a dietary overlap between bighead and silver carp, and that silver carp were trophically 
more similar to a zooplanktivore than a phytoplanktivore (Gu et al.1996). 
Similar to bighead carp, silver carp spawning is triggered by rising water levels and by 
water temperatures maintained above 17 °C (Krykhtin and Gorbach 1981).  Successful spawning 
and transport of eggs to nursery areas require the following conditions: high water levels with 
current velocities between 0.7-1.4 m/sec and water temperatures between 21-26 °C (Krykhtin 
and Gorbach 1981).  Silver carp are likely to be encountered in large rivers and contiguous 
ponds, lakes and backwater areas (Kolar et al. 2005) and within backwaters and impoundments 
with low flow or no flow conditions (Rasmussen 2002). 
 
Competitive advantages 
In their native range, bighead carp and silver carp tolerate a wide range of environmental 
conditions, including variable temperatures and turbidity during spawning (Jennings 1988).  
Similar to most invasive species, Asian carp exhibit characteristics that may be advantageous 
over native species including increased reproductive capacity, enhanced dispersal capabilities, 
lack of predators or natural controls, seasonal advantages, and growth period advantages (e.g., 
early maturation).  The structure of bighead and silver carp gill rakers provides them with the 
capability to filter a wide range of plankton sizes, which may alter zooplankton size distribution 
and population structure.  These fish consume food resources at relatively large rates: bighead 
carp are estimated to consume 6.6% to 11.3% of their total body weight daily, daily consumption 
for silver carp was estimated from 17.2% to 20.9% of their total body weight (Jennings 1988, 
Opuszynski and Shireman 1993, Kolar et al. 2005).  This is compounded by their capacity to 
grow to large sizes.  Bighead carp may grow to greater than 100 cm total length and weigh up to 
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40 kg; silver carp may reach 100 cm in length and weigh up to 27 kg (Rasmussen 2002).  Their 
fecundity is correlated with increasing body mass and age (Jennings 1988).  Bighead carp gonad 
weights ranged from 17% to 20% of the total body weight. Gonads from a single bighead carp 
from the Yangtze River, China contained 1.1 million eggs (Jennings 1988).  In the Missouri 
River, age-2 and age-3 bighead carp and silver carp have exhibited rapid growth rates (Schrank 
and Guy 2002, Kolar et al. 2005).  Some empirical evidence suggests that these Asian carps are 
iterative spawners (Jennings 1988, Rasmussen 2002, Schrank and Guy 2002).  The above 
characteristics may perpetuate resource competition with the following native filter feeding 
species: gizzard shad, paddlefish, and bigmouth buffalo within the Mississippi River Basin 
(Schrank et al. 2001, Kolar et al. 2005).  Research in the Missouri River suggests a decline of 
larval freshwater drum as a result of resource competition with these non-native species (Schrank 
et al. 2003).  A dietary overlap study within the upper Mississippi River Basin and Illinois River 
indicated Asian carp did not significantly reduce zooplankton populations (Sampson 2005).  
However, Sampson (2005) suggests in ecosystems where resources may be more limited (Great 
Lakes Basin) Asian carp may have greater impacts on native communities. 
 
Dispersal barrier and range of Asian carp in the Illinois Waterway 
The Illinois River, Des Plaines River, and Chicago Sanitary and Ship Canal (CSSC) 
artificially provide the only linkage between the Great Lakes Basin and the Mississippi River 
Basin.  This combination of flowing water systems is collectively known as the Illinois 
Waterway.  Thus, it serves as a potential invasion avenue for Asian carp.  In 1996, the National 
Invasive Species Act authorized the construction of an electric dispersal barrier within the CSSC 
at approximately river mile (RM) 296 (Figure 2).  The purpose of the dispersal barrier is to stop 
the exchange of aquatic organisms between the Mississippi River Basin and the Great Lakes 
Basin.  Currently, the species of concern are H. nobilis, H. molitrix, Mylopharyngodon piceus 
(black carp), moving into the Great Lakes as well as movement by Gymnocephalus cernuus 
(Eurasian ruffe), and Neogobius melanostomus (round goby) into the Mississippi River Basin.  
The electric barrier is a micro-pulsed, graded DC electric field, with the field strongest in the 
middle and weaker at outer edges.  This design allows fish to feel the electric field and respond 
by moving away from the electric current before being stunned.  This type of barrier does not 
impede commercial navigation, storm water flows, or recreational traffic within the CSSC.  
In April 2002 Barrier I (demonstration barrier) was activated to assess the efficacy of the 
design and evaluate field strength and safety issues associated with this unique large scale 
electric fish barrier.  Information gained through this pilot project has been integrated into the 
design for a permanent barrier (Barrier II) currently undergoing field testing.  The Illinois 
Natural History Survey Lake Michigan Biological Station (LMBS) conducted a tagging study to 
test the effectiveness of an electric field for blocking fish movement.  Common carp (Cyprinus 
carpio) were surgically implanted with radio-acoustic transmitters and released below Barrier I 
to determine whether these fish passed through the barrier from downstream (Stainbrook et al. 
2005).  Since July 2002, common carp have been tagged and released into the CSSC.  Their 
movements were tracked manually by a boat-mounted system and monitored constantly since 
April 2002 by two fixed receiver stations (each containing one 4-element and one 6-element yagi 
antenna) and hydrophones installed immediately upstream and downstream of the dispersal 
barrier (Stainbrook et al. 2005). 
Bighead carp and silver carp have become very abundant and are regularly encountered 
in the Illinois Waterway from Starved Rock Lock and Dam (RM 231) to the confluence with the 
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Mississippi River (RM 0).  Beginning in 2000, Asian carp have been found in great abundance 
65 miles from the electric dispersal barrier (100 miles from Lake Michigan).  However, based on 
reports from the Fish and Wildlife Service (FWS) and LMBS staff, there have been only three 
verified sightings upstream of the Starved Rock Lock and Dam. Two sighting were confirmed 
approximately 30 miles from the dispersal barrier in 2001 and in 2002 a sighting was confirmed 
21 miles from the dispersal barrier.  No reported sightings upstream of the confluence with the 
Kankakee River (Figure 2) have been verified.  In August 2006, the Illinois Department of 
Natural Resources (ILDNR) verified an Asian carp sighting in the Fox River above its 
confluence with the Illinois River (Figure 2).  
 
Management Strategy 
Mitigating damage to the Illinois Waterway, especially loss of recreational and 
commercial fisheries for native fishes, and preventing an Asian carp invasion into the Great 
Lakes will require a long-term commitment and development of a preventive Asian carp 
management strategy.  A simplified Asian Carp Management Program for the Illinois Waterway 
can be modeled after the Integrated Management of Sea lamprey (IMSL) approach.  Where as 
the IMSL strategy was developed after successful implementation of the sea lamprey control 
program, an Asian carp control program will have to be developed without the benefit of a 
pesticide specific for the Asian carp.  Essentially the available methods for controlling Asian 
carp are non-specific chemicals, such as rotenone and antimycin, and harvesting by nets.  
Although the long-term strategy should be to develop specific control methods for Asian carp 
and to implement a management strategy similar to IMSL, the more immediate focus should be 
development of an Asian carp management strategy for the Illinois Waterway having two 
immediate short-term objectives: 
 
1. Reduce and/or maintain Asian carp population densities at low enough levels so that 
native species populations are minimally impacted. 
 
2. Reduce Asian carp abundance to levels low enough to minimize the probability of their 
breaching the electric barrier system. 
 
 An initial step in the development of systematic Asian carp management strategy for the 
Illinois Waterway ecosystem was development of a database of Asian carp habitat preferences 
and behavioral traits through an English language literature search and by surveying researchers 
and managers who have experience working with these species within the Mississippi River 
drainage.  This database can be utilized with GIS mapping procedures to document potential 
locations of preferred Asian carp habitat sites within the Illinois Waterway.  Field sampling or 
monitoring programs, such as the USFWS sponsored “Asian Carp Corral”, can be utilized to 
verify their preferences for these sites.  An electronic GIS database will be useful for developing 
more efficient monitoring programs by targeting specific sampling areas and more cost effective 
removal programs by minimizing the need for a drastic whole-river treatment approach.   
 This project focused on gathering information about bighead and silver carp biology and 
their preferred locations within river systems, synthesizing that information into spatial datasets 
for GIS-based analyses, creation of map overlays that identify potential areas preferred by Asian 
carp, producing GIS maps of the river and making them available to resource managers, 
conducting limited sampling to fill holes in the data needed for GIS coverage development and 
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analysis, as well as verification sampling for Asian carp prevalence based on predictions from 




 The area of primary focus for this study was the stretch of the Illinois Waterway between 
the dispersal barrier at RM 296.4 and the Starved Rock Lock and Dam at RM 231 (Figure 3).  If 
time and funds permit, secondary areas of focus will include the submerged island area near 
Starved Rock Lock and Dam, more sampling near the confluence with the Kankakee River, and 
downstream of the Starved Rock Lock and Dam to the Peoria Lock and Dam.  There were five 
components to execute the project objectives and deliverables: Asian carp questionnaire, field 
sampling, spatial information, map overlay, and GIS database. 
Asian carp questionnaire 
Asian carp pose a serious and growing threat to aquatic ecosystems primarily due to an 
expanding range; high population biomass and reproductive capacity; and inter-specific resource 
competition.  To better understand their habitat preferences in North American waters and to 
focus our field sampling efforts and spatial data analysis, we created and distributed an Asian 
carp questionnaire to managers, biologists, and researchers familiar with bighead carp and silver 
carp in large river systems of the US and conducted an English language literature search.  
Information derived from the Asian carp questionnaire was used to help determine which 
environmental variables to collect during our sampling.  This questionnaire sought qualitative 
guidance from local experts regarding their perspectives on habitat types, water quality 
conditions, temperature regimes, flow regimes, and other factors that attract large concentrations 
of Asian carp.  We specifically asked whether age-0/juvenile and adult life stages and whether 
any seasonal differences in preferred locations were apparent.  Finally, this questionnaire 
collected perspectives on the most effective gears for sampling Asian carp.  Full methods, 
results, and interpretation of the Asian carp survey are included in Appendix A. 
 
Field data collection 
The following environmental parameters were collected during June-August 2005 
throughout the Illinois Waterway between RM 231-296 (Figure 3): water temperature, dissolved 
oxygen, specific conductance, secchi depth, and chlorophyll-a.  When practical we included 
historical information into the analysis.  Historical water quality data for our study area 
(temperature, dissolved oxygen, conductivity, and water transparency) was obtained from the 
United States Army Corps of Engineers (USACE), Illinois Environmental Protection Agency 
(ILEPA), United States Environmental Protection Agency (USEPA), United States Geological 
Survey (USGS) and Metropolitan Water Reclamation District (MWRD) was spatially sparse and 
only intermittently collected.   
Number and locations of stations was determined by the geostatistical kriging sample size 
requirements to accurately interpolate continuous surfaces (Burrough and McDonnell 1998).  At 
least 50 data points are needed to achieve a stable variogram, critical for accurate interpolation 
(Burrough and McDonnell 1998).  Prior to field sampling, these stations were determined and 
uploaded to a Garmin GPSmap76CS handheld GPS unit.  This strategy insured stations were 
properly spaced and the correct number of stations was sampled.  Stations were sampled within 
the main channel and evenly distributed at one-mile intervals throughout the 60-mile study area.  
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We could not collect information within locks, between lock and dam sections, or lock mooring 
areas because of interference with barge traffic. 
The following information was recorded for each station: date, time, field crew, site 
identification, weather conditions, geographic coordinates, chlorophyll bottle identification, 
secchi depth, and station description.  Geographic coordinates for all stations were recorded with 
the GPS unit, as well as physical feature information (e.g., bridges, dams, tributaries, etc).  
Temperature (°C), dissolved oxygen (mg/L), and specific conductance (µS/cm) were collected 
with an YSI 6600 Sonde multi-parameter data logging unit.  The unit was programmed to log 
data every two seconds.  The YSI unit was deployed at a depth of two feet so that the probe was 
completely submerged and agitated for at least two minutes to ensure stable readings.  The 
average value for the two minute interval became our estimate of each parameter for each 
station. 
Water samples for chlorophyll-a analysis were collected at the water surface using in 1-L 
HDPE amber bottles.  Samples were immediately transferred to an ice filled cooler, and then 
transferred to a freezer at the LMBS.  Analysis and calculation of chlorophyll-a level followed 
procedures described in Clesceri et al. 1998. 
Water transparency was measured with a secchi disk deployed from the sunny side of the 
boat.  The depth at which the disk disappeared and then reappeared was averaged.  Time of day 
of secchi depth reading occurred between 10:00-16:00.  Secchi depths were taken where water 
depth was greater than 50% of the secchi depth to ensure reflected light did not impact the 
reading (Davies-Colley et al. 1993). 
 
Spatial data 
GIS maps were developed to evaluate Asian carp habitat preference in relation to 1) 
known structures (e.g., dams, wing dams, closing structures, grain elevators), 2) water 
temperature regimes, 3) flow regimes, 4) bathymetry, and 5) other important measures that were 
indicators of Asian carp presence or absence.  Several coverages from existing GIS maps (e.g., 
location of dams, aquatic habitat) were tailored for our needs by supplementing existing 
information with data collected during this study.  Other spatial coverages were constructed from 
scratch on a base map of the river system using data obtained from other agencies, or by 
downloading data from gaging stations (http://waterdata.usgs.gov), and other readily available 
data sources.  Coverages for parameters not already available were derived from direct sampling 
of the river or, when appropriate, interpolation from existing data.  
Geo-referenced data were obtained from the USACE, USEPA, ILEPA, USGS, and 
MWRD.  Relevant data from these sources were included in the interpolation of the water quality 
and bathymetric layers.  Interpolation is the process of estimating values at locations where data 
is absent by utilizing existing observations from proximate locations within the same area 
(Burrough and McDonnell 1998, Heywood et al. 1998).  Interpolation is particularly useful if 
data are expensive to collect or analyze, or cannot be directly measured (Burrough and 
McDonnell 1998).  We interpolated bathymetric point data obtained from the USACE, water 
quality point data collected in 2005 by INHS LMBS, and summer (June-August 2003-2005) 
water quality point data from ILEPA, USEPA, USGS, and MWRD for our study reach from RM 
231 to RM 296.4.  There were nine general steps associated with this interpolation process.  
1. Create sub-sets of the point data. 
2. Perform exploratory spatial statistics. 
3. Choose interpolation method. 
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4. Choose variogram model. 
5. Fit variogram model. 
6. Determine search neighborhood. 
7. Check model fit. 
8. Refine model based on step 7. 
9. Validation and/or cross-validation of model. 
In preparation of interpolation in the ArcMap Geostatistical Analyst extension, sub-sets 
were created from the point files, reserving at least 3% for validation of the interpolation model.  
When the location and number of stations were sparse, all data points were required for accurate 
interpolation therefore only cross-validation was performed.  These files were saved in the 
Illinois Waterway GIS database (see Appendix B).  Before interpolation all point files were 
verified through exploratory spatial statistics to test for normality and to test for spatial 
autocorrelation by examining the variogram cloud for stationarity.  The variogram is a plot of 
half the difference squared of all location pairs as a function of the distance between the pairs 
(Bailey and Gatrell 1995, Johnston et al. 2001).  Stationarity is a fundamental assumption of 
geostatistics that assumes pairs of locations with a similar distance and direction have the same 
difference squared (Johnston et al. 2001).  In other words, locations closer together are more 
similar and locations farther apart are less similar (Bailey and Gatrell 1995). 
There are several types of interpolation methods: triangulated irregular network (TIN), 
inverse distance weighted (IDW), local or global polynomial, radial basis function, and kriging.  
We used the kriging interpolation method to calculate continuous surfaces for bathymetry and 
water quality data because kriging is an exact method of interpolation and provides fairly 
accurate prediction values (DeMers 1997).  This method also estimates the error of the output, 
whereas other interpolation methods do not (DeMers 1997).  There are several types of kriging 
methods: ordinary, simple, universal, indicator, probability and cokriging.  We chose the 
ordinary kriging method because it was most appropriate for our sampling network and data 
type.  Ordinary kriging uses a moving search neighborhood based on a specified model.  
Predictions are limited within the search neighborhood window that optimizes local spatial 
predictions and minimizes global effects (e.g., influence of prevailing winds on distribution of 
temperature) (Bailey and Gatrell 1995).  
Within the ArcMap Geostatistical Analyst extension, parameters were explicitly set and 
modified to optimize kriging output: variogram model type, lag, lag size, nugget, anisotropy, 
search neighborhood, and search direction.  Otherwise, default settings were used.  There are 
four commonly used variogram models: Gaussian, spherical, exponential, and linear (Burrough 
and McDonnell 1998).  The Gaussian model was used in the bathymetric kriging to predict map 
values.  A Gaussian model indicates a smoothly varying pattern for interpolation (Burrough and 
McDonnell 1998).  It was the original interpolation model and if the data fit it then many of the 
assumptions are met and provide the best possible output.  Spherical and exponential models 
were used to interpolate water quality data.  A spherical model suggests one pattern dominates 
the point data distribution (Burrough and McDonnell 1998).  The exponential model signifies a 
transitional distribution pattern or several overlapping patterns (Burrough and McDonnell 1998). 
Variogram models were fit to the point data.  To fit this model, we adjusted the lag size 
and number of lags, and determined whether the variogram was isotropic or anisotropic.  The lag 
size is the distance between pairs of sample locations (DeMers 1997).  A general rule for 
determining lag size is that the value obtained by multiplying lag size by the number of lags 
should be half the largest distance among all points (Johnston et al. 2001).  The number of lags 
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determines the number of groupings within each map cell with a similar distance and direction 
(Johnston et al. 2001).  The isotropic variogram ignores directional effects and averages the 
variogram over all directions.  This is generally best for data collected in a grid or evenly spaced 
transects (Burrough and McDonnell 1998).  An anisotropic variogram calculates the variogram 
for multiple directions.  This is generally best suited for information collected at unevenly spaced 
intervals (Burrough and McDonnell 1998). 
The next step in the interpolation process was to determine the search neighborhood.  The 
search neighborhood limits the number of values used to predict the values for locations lacking 
data (Johnston et al. 2001) and restricts the area in which predictions are calculated.  The shape 
of the search neighborhood determines the locations from which points will be used to calculate 
prediction values.  This is especially important if global trends are understood.  For example, if 
the predominant wind directions that may influence the distribution of air temperatures are 
known, a search neighborhood shape can be selected to account for this influence (Johnston et al. 
2001).  The shape and size of the search neighborhood selected for the interpolation process was 
varied. 
Once the model was fit to the data using the previously defined parameters, the model fit 
was evaluated in Geostatistical Analyst with the following statistics: mean, root-mean-square 
(RMS), average standard error, mean standardized, and root-mean-square standardized.  The 
mean value indicates that the prediction errors were unbiased.  Mean values should be close to or 
equal to zero.  Root-mean-square value and the average standard error value if close to or equal 
in value indicate correct assessment of the variability of the prediction (Johnston et al. 2001).  If 
the average standard error value was greater than the RMS, then the model overestimated 
prediction variability.  If the average standard error value was less than the RMS, then the model 
underestimated prediction variability (Johnston et al. 2001).  Mean standardized should be close 
to or equal to zero.  This value standardizes the mean prediction error (prediction error divided 
by the prediction standard error) (Johnston et al. 2001).  Root-mean-square standardized values 
indicate that the prediction standard errors were valid, its value should be close to or equal to one 
(Johnston et al. 2001).  If values grossly deviated from expected values, model parameters were 
adjusted to obtain a better fit. 
Finally, the surface was created and two validation procedures were performed, if 
possible: cross-validation and validation.  Cross-validation uses all observed data points to 
estimate the model, by consecutively removing each data point to calculate the predicted value.  
A table was created comparing the measured and predicted values for each data location.  
Ideally, the values would be equal.  However, there was always some error, so to assess the 
measured and predicted values, the average standard error value should be equal to the prediction 
errors calculated during cross-validation.  Errors were expected to increase as distance from the 
observed data increases or where observed data points were sparse.  For validation, a sub-set of 
the original data points was removed prior to developing the interpolation model.  Validation 
was performed on the test dataset at the same time as cross-validation using the same parameters 
determined in steps 4-6 and tests whether the choice of model variogram, lag size and search 
neighborhood were valid (Johnston et al. 2001).  
Sixty-two individually interpolated USACE point depth data files were combined to 
create a continuous bathymetric map.  Bathymetric map errors varied depending on the sampling 
network from which depth data were collected.  The USACE used the following sampling 
networks to collect the depth data: equal interval transects running East-West, equal interval 
bisecting East-West and North-South transects, and dense stratified random sampling network.  
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Errors were smallest for maps created from data collected in the dense stratified random 
sampling network and errors were highest for maps created with data collected in East-West 
equal interval transect sampling network. 
Continuous map surfaces were created for five water quality parameters: temperature, 
dissolved oxygen, specific conductance, secchi depth, and chlorophyll-a.  For all water quality 
interpolation procedures map errors were highest and concentrated near lock and dam sections 
and far outside the main channel area, where few data points were collected.  
All bathymetry and water quality point data, intermediate maps, interpolation parameters, 
and final map layers were included in the Illinois Waterway GIS Database (see Appendix B for 
database catalog).  All interpolation procedures were conducted at the same resolution for 
continuity and, if necessary, maps were combined using the MOSAIC tool.  Maps were clipped 
to the Illinois Waterway boundaries within our study reach.  
Additional interpolation procedures were performed on similar spatial data obtained from 
Upper Midwest Environmental Science Center (UMESC) Long Term Resource Monitoring 
Program (LTRMP) for the La Grange reach, Illinois River RM 80-155 
(www.umesc.usgs.gov/rivers/illinois/la_grange/la_grange.html).  UMESC LTRMP bathymetry 
for La Grange RM 80-155 was downloaded and converted into a raster map.  Sampling networks 
within this area were random and unevenly distributed.  To minimize errors associated with the 
sampling network, inverse weighted distance interpolation techniques were employed for 
particular water quality parameters.  These methods are deterministic and exact; the measured 
points’ degree of similarity is used to create continuous surfaces (Johnston et al. 2001).  For this 
sampling network these methods provided better results than ordinary kriging.  Cross validation 
was performed with these interpolation methods. 
Aquatic areas were delineated based on Wilcox (1993) aquatic habitat classification 
scheme, UMESC LTRMP land water shapefiles, DOQs, and USACE Illinois Waterway 
navigation paper maps (USACE 1974).  Editing tools in ArcMap were used to create a polygon 
shape file of the aquatic areas within the Illinois Waterway between RM 231-296.  The aquatic 
areas map for Illinois River RM 80-155 reach was downloaded from the UMESC LTRMP 
website.  The LTRMP map had more detailed aquatic habitat delineations than could be achieved 
with the above resources for the RM 231-296 aquatic areas map.  For example, map resources 
lacked information to definitively determine whether lakes were depression, artificial, borrow, 
scour channel etc….  To avoid inaccurate designations, uncertainties were classified simply as 
isolated or contiguous (Table 1).  The simplified classification scheme was applied to the 
UMESC LTRMP aquatic areas map so that both aquatic areas map could be compared and 
similar analyzes could be performed.   
 
Spatial data processing 
Raster maps were developed utilizing interpolation procedures described above. Raster 
maps represent data in a grid format where each cell contains a single data point (Heywood et al. 
1998).  This property permits creation of new raster maps by using algebra expressions (addition, 
subtraction, multiplication, or division) with two or more raster maps.  Also, depending on the 
data contained within the raster, other calculations may be performed to determine slope, aspect, 
or other mathematical operators.  
Two tools were created in ArcMap ModelBuilder to calculate the suitable habitat areas 
map: Reclassify Parameters and Calculate Suitable Areas.  The tools, original raster maps, and 
the output maps from these tools were included in the Illinois Waterway GIS database (see 
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Appendix B for database catalog).  Database users may either use finalized maps or personalize 
the output with these tools. 
Reclassification is the process of replacing map values with new categorical values to 
highlight important information.  For example, respondents to the questionnaire encountered 
Asian carp predominantly where water clarity was less than 61 cm (2 feet).  In the reclassify 
parameter tool, secchi depth map values less than 61cm were given a value of one and secchi 
depth values greater than 61cm were reclassified as zero.  Thus, a new raster map was created 
showing all the locations where secchi depth values were less than 61 cm in the Illinois 
Waterway.  Reclassify Parameter tool allows users to select Illinois Waterway raster maps for 
either RM 231-296 or RM 80-155, reclassify the parameter values based on preferred parameter 
ranges, and create new raster maps of the suitable areas.  Once the parameters were satisfactorily 
reclassified output raster maps were then used with the other tool.  Maps for the following 
parameters were reclassified using the results from the Asian carp questionnaire (see Appendix 
A for full report) and information from literature (Table 2): secchi depth, temperature, dissolved 
oxygen, and depth.   
Although questionnaire respondents indicated Asian carp presence to be positively 
correlated with chlorophyll-a, questionnaire results did not yield preferred ranges.  Questionnaire 
results and literature information did not specify Asian carp relation to specific conductance or 
provide preferred ranges.  To address this lack of information, predicted chlorophyll-a and 
predicted specific conductance values were extracted from interpolated raster maps for each 
LTRMP Illinois River fish sampling stations between RM 80-155.  Basic statistics were 
performed on these data and the standard error range about the mean was used to approximate 
preferred ranges for chlorophyll-a and specific conductance. 
Reclassification recommendations were provided within the Reclassify Parameters tool 
for each parameter (Table 2), as well as instructions for executing the tool properly.  Users can 
apply new map values to append Asian carp suitable habitat maps or create new suitable habitat 
maps for other fish species.  
The Calculate Suitable Areas tool is the final step to create a map of suitable habitat areas 
for Asian carp within the Illinois Waterway.  This tool allows users to overlay all the reclassified 
raster maps using map algebra.  Users may decide which parameters to include in the model 
expression and determine the mathematical operators in the expression.  A suggested 
mathematical expression was provided with the tool.  The output map shows the gradient of 
suitable habitat areas where the suitability was based on the sum of parameters within range 
preferred by Asian carp.  Therefore areas having more parameters preferred by Asian carp will 
hypothetically indicate areas most likely to be occupied by Asian carp.  Areas of high suitability 
were defined as having six to seven parameters within the preferred range of Asian carp, areas of 
moderate suitability were defined as having three to five parameters preferred by Asian carp , 
and areas with less than or equal to two parameters preferred by Asian carp were defined as 
having low suitability. 
Water quality and bathymetric raster maps for RM 231-296 and RM 80-155 of the 
Illinois Waterway were reclassified using the Reclassify Parameters Tool.  Parameter values 
were reclassified based on information derived from the Asian carp biological questionnaire 
(Table 2).  These reclassified maps were summed using the Calculate Suitable Habitats Tool to 
create a gradient of suitable habitat areas within these reaches of the Illinois Waterway (Figure 
4).  
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Finally all the project components were assembled in a GIS database for distribution with 
the Lake Michigan GIS or on DVD by request from the INHS.  The database organizes and 
documents all project files with metadata, including point data files, created map layers and their 
associated processing information, base maps, models, and assembled ArcMap 9.1 ArcView 
projects (see Appendix B for GIS database catalog).  
 
RESULTS  
Asian carp questionnaire 
Full methods, results, and interpretation of the Asian carp questionnaire are included in 
Appendix A. 
 
Field data  
Summer values of temperature (Figure 5), dissolved oxygen (Figure 6), and chlorophyll-a 
(Figure 7) declined (R2 = 0.26, P < 0.001, R2 = 0.68, P < 0.001, and R2 = 0.91, P < 0.001, 
respectively) from RM 231 to RM 330 (from west to east).  Specific conductance did not differ 
between RM 231 and RM 330 (Figure 8) (P = 0.11).  Secchi depth increased slightly from RM 
231 (Starved Rock Lock and Dam) to RM 330 (upstream of the dispersal barrier) (R2 = 0.27, P < 
0.001) (Figure 9).  
Mean summer values from 2000-2005 were averaged as an estimate of water quality 
conditions in middle and lower Illinois Waterway pools. Mean temperature (Figure 10) and 
dissolved oxygen (Figure 11) values in Illinois Waterway pools (Alton, La Grange, Peoria, 
Starved Rock, Marseilles, Dresden, Brandon, and Lockport) were fairly constant from the La 
Grange pool upstream to the Lockport pool and mean dissolved oxygen values ranged between 
6-9 mg/L.  Mean chlorophyll-a concentrations declined sharply east of the Starved Rock Lock 
and Dam pool (Figure 12).  Distribution of mean specific conductance (Figure 13) and secchi 
depth (Figure 14) increased from La Grange upstream to Lockport.  In particular, there was a 
dramatic jump in mean secchi depth values from the lower- middle Illinois River pools Alton, La 
Grange and Peoria to the upper Illinois Waterway pools upstream of Starved Rock.   
LTRMP catch data for bighead carp and silver carp (downloaded from 
www.umesc.usgs.gov/data_library/fisheries/fish_page.html, see Appendix B for file location in 
GIS database) were significantly correlated (α = 0.05) with several water quality parameters 
(Table 3).  Bighead and silver carp catch were positively correlated with specific conductance 
(Kendall’s rank correlation, τ = 0.167, P < 0.05; τ = 0.204, P < 0.05, respectively) (Table 3).  
Silver carp were negatively correlated with depth and dissolved oxygen (Kendall’s rank 
correlation, τ = -0.233, P< 0.05; τ = -0.172, P< 0.10, respectively) (Table 3).  Bighead carp were 
negatively correlated with dissolved oxygen and chlorophyll-a (Kendall’s rank correlation, τ = -
0.139, P< 0.10; τ = -0.164, P= 0.05, respectively) (Table 3).  Dissolved oxygen and secchi depth 
were positively correlated at stations where either bighead or silver carp were captured 
(Kendall’s rank correlation, τ = 0.251, P< 0.001) (Table 3).  Temperature and secchi depth and 
specific conductance and chlorophyll-a were negatively correlated (Kendall’s rank correlation, τ 
= -0.149, P< 0.05; τ = -0.140, P< 0.10, respectively) (Table 3).  Depth and secchi depth were 
positively correlated (Kendall’s rank correlation, τ = 0.167, P< 0.05). 
 There was a significant difference of bighead catch data among aquatic habitats (main 
channel, contiguous aquatic areas, secondary channels, and isolated backwater areas (see Table 1 
for sub-categories) (Kruskal-Wallis, χ2 = 10.4, P= 0.015, α = 0.05).  In contrast, silver carp 
catches were not significantly different between aquatic habitats (Kruskal-Wallis, χ2 = 2.1, P= 
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0.535, α = 0.05) (Sokal and Rohlf 1995).  LTRMP Asian carp catches within the Illinois River 
La Grange pool were lowest in isolated backwaters. 
 
Interpolation results 
All model results were within the specified ranges (see Methods, Spatial data) and 
prediction errors were acceptable.  Cross validation and validation results were acceptable for the 
interpolation procedures conducted on bathymetric and water quality information (see GIS 
database in the Interpolation Datasheets folder for full documentation of each bathymetric and 
water quality parameter interpolation model and model validation).  If the total number of data 
points was less than 100, only cross validation was performed.  We did this because of the 
distribution and importance of all data points was necessary to achieve the best model results.  
Incorporating additional data points can improve model output.  
Interpolation model results for Illinois River RM 80-155 reach were acceptable for each 
method utilized.  
 
Bathymetry 
 Within the Illinois Waterway the Lockport, Brandon, Dresden, Marseilles, Starved Rock, 
and La Grange pools depth ranged from a minimum of 0.66 to a maximum of 37 feet (Table 4).  
Data were not available for either the Alton or Peoria pools. Mean depth within the Illinois 
Waterway pools increased from La Grange (6.5 feet) upstream to Lockport (25 feet) (Table 4).  
The minimum depths in the Brandon and Lockport pools were 2.5 feet and 11 feet, respectively. 
For all other pools the minimum depth was than 1 foot.  All upper Illinois Waterway pools had 
large proportions of suitable depth values (Table 5). 
 
Water quality 
 Water temperatures varied from the dispersal barrier downstream to Starved Rock Dam.  
Near the dispersal barrier, cooler temperatures predominated, most likely due to inflow from 
Lake Michigan (Figure 15).  In the Brandon pool (RM 291-286) water temperatures increased.  
This may be influenced by the Des Plaines River confluence or attributed to the river’s proximity 
to the city of Joliet and its run-off and discharges into fairly narrow, channelized section of the 
river (Figure 15).  Higher water temperatures between RM 283 and RM 280 may be influenced 
by several industrial plants along the river or related to the weather conditions on the date of 
collection.  Illinois Waterway water temperatures dropped near RM 274 where the Kankakee 
River empties into the river (Figure 15).  Summer water temperatures throughout the remainder 
of the river were fairly constant ranging from 29-30.5 °C.  In the Starved Rock, Marseilles and 
Lockport pools temperature values were predominantly suitable, where as in the Dresden and 
Brandon pools temperatures were not suitable (Table 5). 
 An overall declining trend of secchi disk depth occurred from the dispersal barrier 
downstream to Starved Rock Dam (Figure 16).  Highest secchi disk depths were between RM 
296 and RM 275, lowest secchi disk depths were between RM 237 and RM 232.  Starved Rock 
pool was the only upper Illinois Waterway pool having secchi disk values in the range preferred 
by Asian carp (Table 5). 
 Dissolved oxygen values steadily increased from 5 mg/L at the dispersal barrier 
downstream to 10 mg/L at Starved Rock Dam (Figure 17).  Mean dissolved oxygen values 
increased with each successive downstream Illinois Waterway pool: Lockport (5.5 mg/L), 
Brandon (6.0 mg/L), Dresden (6.8 mg/L), Marseilles (7.8 mg/L), and Starved Rock (9.5 mg/L).  
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The proportion of suitable dissolved oxygen values was greatest in the Starved Rock and 
Marseilles pools.  All other upper Illinois Waterway pools had less than 1% suitable dissolved 
oxygen values (Table 5). 
 Specific conductance was fairly constant from the dispersal barrier downstream to 
Starved Rock Dam (Figure 18).  Specific conductance values ranged from 749 uS/cm to 928 
uS/cm.  All upper Illinois Waterway pools had mean specific conductance values of 
approximately 818 uS/cm, except the Starved Rock pool which had the lowest mean specific 
conductance value, 775 uS/cm.  No upper Illinois Waterway pools had specific conductance 
values preferred by Asian carp (Table 5). 
 Chlorophyll-a values steadily increased from the dispersal barrier downstream to RM 
239, then increased dramatically downstream to the Starved Rock Dam (Figure 19).  The lowest 
chlorophyll-a values were in the Lockport pool and the highest values were in the Starved Rock 
pool.  None of the upper Illinois Waterway pools had chlorophyll-a values preferred by Asian 
carp (Table 5). 
 
Map overlay 
Specific conductance and chlorophyll-a values within RM 231-296 were not within the 
preferred range for Asian carp.  Therefore, at most five of the seven potential parameters 
contributed to the habitat suitability calculation (Table 5).  The spatial distribution of suitable 
Asian carp habitats shifted from moderately high suitability to low suitability from Starved Rock 
Lock and Dam to the dispersal barrier (Figure 20).  The Illinois River near Starved Rock Lock 
and Dam (RM 231- RM 234) had the areas of highest suitability (Figure 20). Although no highly 
suitable habitats were identified in the Marseilles pool (RM 247- RM 272) moderately suitable 
habitat was abundant.  Habitat suitability declined dramatically to low suitability between the 
Marseilles pool and the dispersal barrier (RM 296).  Less than 40% of the areas within the 
Dresden, Brandon, and Lockport pools were rated as moderately-low suitability.  The remaining 
areas within these pools were rated either as low suitability or not suitable for Asian carp (Figure 
21).  
The La Grange Pool of the Illinois River (RM 80-155) had primarily high to moderate 
habitat suitability and less than 1% low suitability habitats (Figure 21 and Figure 22). 
 Bighead and silver carp catch data were not significantly different along the suitability 
gradient (Bighead carp: Kruskal-Wallis, χ2 = 3.1, P= 0.535, α = 0.05; silver carp: Kruskal-
Wallis, χ2 = 4.3, P= 0.365, α = 0.05) (Sokal and Rohlf 1995).  Along the suitability gradient, 
moderately to highly moderate suitable areas had the highest occurrences of catches for both 
Asian carps, although not the highest catch rates. 
 
Additional findings 
Daily maximum velocity values from 2000-2005 downloaded from USGS Illinois 
Waterway gaging stations located near the dispersal barrier exceeded or reached the minimum 
flow velocity required to stimulate Asian carp spawning only thrice during their protracted 
spawning period, late May – early September (Figure 23).  All other gaging stations south of 
Lockport had daily maximum velocities that regularly exceeded the Asian carp minimum 
spawning velocity trigger (Figure 23).  
The distances between Illinois Waterway dams are varied and may affect successful 
Asian carp spawning.  Alton, La Grange, and Peoria pools have the greatest distances between 
impoundments, 75-80 river miles (Table 6).  The Illinois Waterway from Starved Rock Lock and 
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Dam to Lake Michigan is 95 river miles and is divided into four lock and dam pools ranging in 
length from 5-35 river miles (Table 6). 
The upper Illinois Waterway is channelized between Lake Michigan and the Marseilles 
Lock and Dam.  The Illinois River becomes more dynamic and braided downstream of Starved 
Rock Lock and Dam.  Less than 30% of the Illinois Waterway between Marseilles and Lockport 
could serve as a refuge from boat/barge traffic and/or potential nursery for Asian carp (Figure 
24).  In contrast, at least 50% of the Illinois River within the Starved Rock, La Grange and Alton 
pools can provide refuge areas (Figure 24).  Refuge areas include contiguous and isolated 
backwaters, secondary channels, side channels, tailwaters, and tributaries.  Non-refuge areas are 
within the main channel.  
 
DISCUSSION  
Based on our analysis of 6 of 8 Illinois Waterway pools, overall suitability of Asian carp 
habitat declines as the Illinois Waterway approaches the dispersal barrier (Figure 24).  This is 
primarily due to declining values of chlorophyll-a, secchi depth, dissolved oxygen, and specific 
conductance from RM 80 upstream to the dispersal barrier (RM 296).  The amount and quality of 
suitable habitat declined from RM 80 (within the La Grange pool) upstream to the dispersal 
barrier at RM 296.  Chlorophyll-a and specific conductance values between Starved Rock and 
the dispersal barrier were not within what we determined to be the preferred ranges of Asian 
carp.  Dissolved oxygen, secchi depth, and aquatic habitats preferred by Asian carp had limited 
distributions in the upper Illinois Waterway.  Dissolved oxygen levels preferred by Asian carp 
were limited to the Starved Rock and Marseilles pools.  Secchi disk depth within their preferred 
range occurred only within the Starved Rock pool up to RM 237 (Figure 16).  The percentage of 
suitable aquatic habitats declined from RM 80 upstream to the dispersal barrier.  In the La 
Grange reach, where Asian carp were established and reproducing, the majority of parameters 
were within preferred ranges and most of the area was moderately to highly suitable. 
Other factors may contribute to declining habitat suitability in the upper Illinois 
Waterway besides the parameters addressed in the model. Flow velocity and open flowing river, 
lack of refuge/nursery areas, and limited food resources also could be limiting Asian carp 
advancement or establishment upstream into the upper Illinois Waterway.  Flow velocities 
upstream of Starved Rock were not adequate to stimulate Asian carp reproduction.  However 
flows downstream of Starved Rock were adequate and Asian carp have been spawning 
iteratively with high biomass.  Flow velocity is a critical variable for Asian carp reproduction 
(Krykhtin and Gorbach 1981, Jennings 1988).  Anecdotally, Chinese aquaculturists had difficulty 
initiating Asian carp spawning.  After many alterations to pond conditions they finally 
discharged flowing water into the pond and Asian carp began to spawn (B. Gu, University of 
Florida, personal communication, 2006).  Fourteen percent of respondents to the Asian carp 
biological questionnaire indicated flow to be a predictive parameter of Asian carp presence 
(Appendix A).  Also, LTRMP data indicated 95% of silver carp and 97% of bighead carp were 
within flows < 0.3 m/s (Kolar et al. 2005).  Changes in flows due to lock and dam activity and 
seasonal river fluctuations may limit the movement of fishes between these reaches (Pegg and 
McClelland 2004).  An important update to our work would include flow velocities.  The 
addition of this information would require a hydrological model whose complexity would 
depend on the desired map scale and amount of real-time information required. 
The distance of open river downstream of spawning locations also may be an important 
factor for Asian carp reproduction (Abdusamadov 1986, Krykhtin and Gorbach 1981, Gorbach 
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and Krykhtin 1988) and may constrain their establishment.  In the Caspian Basin, Abdusamadov 
(1986) documented that phytophagous fishes (including grass carp) required at least 100 km of 
flowing river with adequate food resources for juveniles as important for recruitment conditions.  
Gorbach and Krykhtin (1988) observed pelagic eggs and larvae to travel greater than 500 km 
from the spawning site in the Amur River basin.  Conversely, locks and dams divide the Illinois 
Waterway into a chain of mainstem reaches (Pegg and McClelland 2004).  The Alton, La Grange 
and Peoria pools of the Illinois River are at least 75 uninterrupted river miles in length (120 km) 
where Asian carp are abundant.  However, within the five lock and dams between RM 231-296 
Asian carp sightings are sparse.  The distances between these dams range from 5 - 35 river miles 
(Table 6).  The lack of adequate flows evidenced by gaging information coupled with short 
distances between the dams (from RM 231-296) may not be sufficient to trigger spawning 
behavior or could indicate poor quality of nursery areas and therefore inhibit Asian carp 
establishment within the upper Illinois Waterway.  
Asian carp are highly effective filtering planktivores (Dong and Li 1994, Xie 1999).  The 
reduced percentage of refuge habitats (Figure 24) available between RM 231-296 may impact 
primary and secondary production.  Phytoplankton within the main channel of nutrient rich river 
systems may be light limited due to water turbulence and sediment re-suspension (Allan 1995).  
Under these conditions backwater areas or low flow areas are important contributors of plankton 
to the main channel.  Therefore it is plausible that Asian carp populations have not become 
established in theses areas due to limited resources.  In contrast, Asian carp impact the structure 
of plankton communities.  Several Asian carp feeding studies to reduce phytoplankton 
populations in aquaculture ponds did not show algal biomass declines for which there are several 
possible explanations (1) elimination of zooplankton (Burke et al. 1986), (2) poor digestibility 
(Bitterlich and Gnaiger 1984, Bitterlich 1985) (however, pharyngeal teeth may aid algal 
assimilation (Xie 1999, Xie 2001) (3) re-suspension of sediment nutrients (Burke et al. 1986) or 
(4) stimulation of undigested algal production after passing through digestive system (Datta and 
Jana 1998).  In one such study, chlorophyll-a concentrations were consistently higher in 
treatment ponds with Asian carp than in control ponds (Burke et al. 1986).  To adequately 
address this issue, future work should examine the spatial and temporal distribution of 
zooplankton within Illinois Waterway main channel and backwater areas.  
Interpretation of our data may be limited based on the following factors: qualitative 
biological survey results, limitations of spatial data collected, and LTRMP fish data limitations.  
Information derived from the questionnaire was critical for achieving the project objectives by 
providing needed background information on Asian carp biology and their potential habitat 
preferences within the Mississippi River drainage.  The objective of the questionnaire was to 
gather information on known as well as suspected habitat usage within these waters based upon 
the experiences of those working with these species in North America.  Since Asian carp are 
invasive species, competition with native species could result in habitat preferences that differ 
from that utilized in their native ranges.  Therefore, the intent was not to develop a database 
limited to documented habitat usage but also include opinions based upon the respondents’ 
intuitions.  When addressing questions, respondents were requested to express their opinions on 
where they could find Asian carp and not limit their responses based upon structured sampling 
procedures.  Although questionnaire results are qualitative and limited in the inferences that can 
be made, the information was useful for establishing potential Asian carp habitat preferences 
within the Illinois Waterway system (see Appendix A for full report and discussion). 
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Information gathered through the questionnaire was compared with information gathered 
through an English language literature search.  The participant responses for Asian carp preferred 
temperature ranges, flow conditions, water depths, and substrate types were comparable to those 
cited in the literature.  Preferences based on specific conductance, secchi depth, turbidity, and 
chlorophyll-a were not documented in the literature or clearly established from questionnaire 
responses.  
A level of uncertainty exists with the questionnaire results regarding habitat preferences. 
Asian carp may occupy particular habitats to simply avoid boat disturbances. Responses from the 
biological questionnaire indicated that all life stages of bighead and silver carp effectively evade 
most sampling gears.  However this information was still useful for identifying potential areas 
for finding Asian carp, especially in regions where they have not been previously documented.  
Accurate interpolation was achieved with existing spatial data and 2005 field sampling 
data.  However, project results are a snapshot of summer conditions within the Illinois 
Waterway.  Future projects should consider multiple year sampling and include seasonal changes 
in river conditions to create predictive habitat models for RM 231-296.  In addition, water 
quality parameters may not be representative of annual variations, as the majority of water 
quality information between RM 231-296 was collected in 2005.  Due to boat constraints we 
were restricted to the main channel; however project output can be improved and refined to 
smaller habitat scales by additional sampling within tributaries and shallow backwater areas. 
Asian carp catch data from LTRMP stations could not inform the validity of our 
suitability maps.  There may be several explanations, (1) our preferred habitat ranges were 
inaccurate, (2) the parameters included in the suitability map do not influence Asian carp 
presence, (3) the catch data obtained was not representative of actual Asian carp abundance, or 
(4) the upper Illinois fish community is structurally different from the lower and middle Illinois 
River.  The LTRMP catch data represented Asian carp abundances from 1995 to 2004.  These 
catches may not reflect actual abundance. Asian carp, as indicated by questionnaire respondents, 
were very good at avoiding gears and catch rates were not reflective of their abundance.  Once 
adequate Asian carp abundance data can be obtained, more accurate data regarding preferred 
habitat can be integrated into the habitat suitability tool and additional tools could be developed 
to allow users to weight parameter importance or modify inputs for their region to achieve more 
optimal results.  Analysis of Illinois River fish community data between 1957 and 2000 showed 
distinctive community differences between the lower and upper reaches of the Illinois Waterway 
(Pegg and McClelland 2004). These differences may be attributed to a gradient of longitudinal 
changes of fish communities based on fluvial geomorphic characteristics (Burton and Odum 
1945, Pegg and McClelland 2004) and disparity of water quality conditions among the reaches 
(Pegg and McClelland 2004).  In the Marseilles and Dresden pool in the Illinois River fish 
species diversity increased and tolerant species abundance declined, coinciding with water 
quality improvements (Pegg and McClelland 2004). 
 
CONCLUSIONS 
All of the factors previously described may be contributing to the distribution of Asian 
carp populations in the Illinois Waterway.  In particular, the lack of verified sightings east or 
upstream Starved Rock Lock and Dam may indicate our suitability maps and other findings are 
accurate.  Habitat suitability maps indicate a gradient of decreasing habitat quality from Starved 
Rock Lock and Dam upstream to the dispersal barrier.  Based on the literature and biological 
questionnaire, fewer suitable habitats exist in the upper Illinois Waterway compared with the 
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lower Illinois River (Figure 24).  From our analysis water quality parameters, suitability maps, 
flow velocities, distances between impoundments, and distribution of chlorophyll-a these factors 
are restraining Asian carp movement and establishment into the upper Illinois Waterway. 
Based on the suitability map between Starved Rock and the dispersal barrier, Asian carp 
would most likely be within in the Starved Rock pool where suitability was highest, flow 
velocities within preferred range, and the availability of diverse aquatic habitats, relative to the 
remainder of the upper Illinois Waterway.  In the Starved Rock pool Asian carp would likely 
occupy the area of moderately high suitability found in the expansive side channel area near the 
dam and the secondary channels where temperature, depth, secchi depth, dissolved oxygen and 
aquatic area type were preferable for Asian carp (Figure 25).  As suitability declines, the number 
and size of areas Asian carp most likely occupy would decrease.  In the Marseilles pool, Asian 
carp would mostly occupy the small backwater areas and the tailwaters of the Dresden lock and 
dam where suitability was moderate (Figure 25).  In the Dresden pool, suitability drops to 
moderately low-to-low. Asian carp would most likely occupy areas near the confluence with the 
Kankakee River, the contiguous backwater areas at RM 275 and RM 278, and the tailwaters of 
the Brandon lock and dam.  In the Brandon pool two small areas of low suitability would be 
available to Asian carp: a small side channel area just upstream of the lock and dam and the 
tailwaters of the Lockport lock and dam.  There are two very small areas in the Lockport pool 
upstream to the dispersal barrier, a small section of channel where sunken barges create habitat 
and in the slips downstream from a warm water discharge, of low suitability and would most 
likely be preferable to Asian carp (Figure 25).  The suitability map and questionnaire results 
suggest monitoring programs should focus sampling efforts within backwater areas, tailwaters, 
tributary mouths, and areas outside of the main channel.  During spawning season, monitoring 
should be implemented when the following conditions co-occur: rising water levels, 
temperatures between 21-30 °C, with flows > 0.7 m/sec (Krykhtin and Gorbach 1981, Jennings 
1988).  Based on the suitability map, the leading edge of Asian carp within the upper Illinois 
River was located near the Starved Rock Lock and Dam where suitability was rated high (Figure 
24).  
In conclusion, low suitability, shorter upstream distances between impoundments, 
inadequate flows, limited refuge areas, and fewer resources are most likely the deterrents to 
Asian carp advancement or establishment in areas above Starved Rock Dam. Although 
suitability maps provide a possible explanation for the slow advancement of Asian carp beyond 
the Starved Rock Lock and Dam section of the Illinois Waterway these factors should not be 
interpreted as barriers preventing their further advancement into the Great Lakes basin.  Water 
quality improvements or changes to dam structures in the Illinois Waterway and growing Asian 
carp populations in the lower reaches may trigger expansion into the upper Illinois Waterway.  It 
is also plausible that Asian carp population numbers may not be high enough to witness or 
capture them in the Illinois Waterway between RM 231-296 or existing monitoring methods may 
be ineffective.  
The project objective was to evaluate the potential of GIS mapping procedures to create a 
flexible low cost tool to aid resource managers in their efforts to monitor and control Asian carp 
within the Illinois Waterway, especially in the vicinity of the dispersal barrier.  A list of relevant 
biological characteristics and habitat preferences were generated and incorporated into a GIS 
database of geo-referenced water quality and physical parameters for the Illinois Waterway.  
Habitat suitability maps were generated from these data to enhance the current understanding of 
Asian carp habitat preferences and distribution.  These maps also will provide a visual 
24 
understanding of Asian carp overlap with native fish populations and help identify potential 
areas of resource competition.  The capability to visualize potential locations of possible Asian 
carp habitat within the Illinois Waterway system provides a useful tool for developing more 
efficient monitoring programs and more cost effective removal programs, minimizing the need 
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Table 1.  Aquatic area classification scheme for Illinois Waterway sections RM 231-296 and RM 
80-155. 
INHS LMBS classification Wilcox 1993 classification Numeric categorical 
classification 
Main channel Main channel 
Navigation channel 
1 
Tributary Tributary 2 
Secondary channel Secondary channel 3 
Tertiary channel Tertiary channel 4 
Tailwater Tailwater 5 
Floodplain shallow aquatic 
Impounded 
Floodplain lake 
Abandoned channel lake 
Tributary delta lake 
Lateral levee lake 
Scour channel lake 
Floodplain depression lake 
Borrow pit 
Isolated aquatic area 
Artificial lake 
6 
Floodplain shallow aquatic 
Impounded 
Floodplain lake 
Abandoned channel lake 
Tributary delta lake 
Lateral levee lake 
Scour channel lake 
Floodplain depression lake 
Borrow pit 
Contiguous aquatic area 
Artificial lake 
7 









Table 2.  Preferred water quality ranges of Adult Asian carp cited in literature compared to 
preferred ranges from the questionnaire respondents and reclassification ranges used in the 
Reclassify tool.  Plus sign (+) indicates variable positively associated with Asian carp presence. 
†Kyrkhtin and Gorbach 1981,*Garcia et al. 1999, ^Kolar et al. 2005. 
 Bighead carp Silver carp Asian carp 
Variable Lit. Questionnaire Lit Questionnaire Reclassify Tool Ranges 
Conductivity 
(uS/cm)     578-726 
Chlorophyll-a 
(ug/L)  +  + 30-97 
Dissolved 
oxygen (mg/L) 7-9 
*
 + ≈ 10† + 7-10 
Depth (ft) >9.8 ^ 2- >16 > 9.8 ^ 2- >16 >9.8 




 21-30 21-26† 21-30 21-30 
Turbidity  +  +  
Water clarity (ft)  <2  < 2 < 2 
30 
Table 3.  Kendall’s nonparametric coefficient of rank correlation for LTRMP bighead and silver carp catch data and environmental 
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Table 4.  Water depth statistics for Illinois Waterway pools; all values are in feet. Depth 
data was not available for the Alton or Peoria pools. 





Lockport 11 32 21 25 4.0 
Brandon 2.5 28 26 13 5.1 
Dresden 0.02 29 29 10.5 5.5 
Marseilles 0.01 37 37 10 3.8 
Starved Rock 0.02 25 25 8 3.9 
Peoria      
La Grange 0.66 32 32 6.5 6.17 
Alton      
 
 
Table 5.  Proportion of upper Illinois Waterway pools suitable values versus non-suitable 
values for each parameter (values given in percent (%)). S = suitable and NS = not 
suitable. 
Pool Starved Rock Marseilles Dresden Brandon Lockport 
Parameter S NS S NS S NS S NS S NS 
Aquatic habitat 61 39 29 71 25 75 18 82 16 84 
Chlorophyll-a 0 100 0 100 0 100 0 100 0 100 
Conductivity 0 100 0 100 0 100 0 100 0 100 
Depth 80 20 92 8 89 11 96 4 100 0 
Dissolved oxygen 100 0 96 4 1 99 0 100 0 100 
Secchi depth 53 47 0 100 0 100 0 100 0 100 
Temperature 76 24 71 29 36 64 0 100 95 5 
32 
 
Table 6.  Illinois Waterway length within lock and dam pools. 
Illinois Waterway Lock and Dam 
Pool 
Distance between impoundments 
(river miles) 
Alton 80 
La Grange 75 
Peoria 75 







Figure 1.  Map of current range of bighead and silver carp in Mississippi River Basin. 




Figure 2.  Map of current range and verified sightings of bighead and silver carp in the 
Illinois Waterway. *Verified sightings outside of their established range. 
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Figure 3.  Map of study reach between the dispersal barrier and Starved Rock Lock and Dam. 
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Figure 4.  A simplified flow diagram illustrating the data components and processes used 






















Figure 5.  Summer water temperatures in the Illinois Waterway from the Starved Rock Lock and 
Dam (RM 231) upstream toward Lake Michigan. 
River mile























y = 42.061 - 0.0473x
Rsq = 0.2551, AdjRsq = 0.2456
p < 0.0001
 
Figure 6.  Summer dissolved oxygen in the Illinois Waterway from the Starved Rock Lock and 
Dam (RM 231) upstream toward Lake Michigan.  
River mile




























y = 20.398 - 0.0487x




Figure 7.  Summer chlorophyll-a concentration in the Illinois Waterway from the Starved Rock 
Lock and Dam (RM 231) upstream toward Lake Michigan. 
y=1.9*exp(26.7/(x-220))
Rsq = 0.91, AdjRsq = 0.90
p<0.001
River mile























Figure 8.  Summer specific conductance in the Illinois Waterway from the Starved Rock Lock 
and Dam (RM 231) upstream toward Lake Michigan. 
River mile
































y = 685.18 + 0.4047x




Figure 9.  Summer secchi disk depth in the Illinois Waterway from the Starved Rock Lock and 
Dam (RM 231) upstream toward Lake Michigan. 
River mile


























Figure 10.  Mean (± SE) main channel temperature values from 2000-2005 within Illinois 








































































Figure 11.  Mean (± SE) main channel dissolved oxygen concentrations from 2000-2005 within 

















































































Figure 12.  Mean (± SE) main channel chlorophyll-a concentration from 2000-2005 within 












































































Figure 13.  Mean (± SE) main channel specific conductance values from 2000-2005 within 


















































































Figure 14.  Mean (± SE) main channel secchi disk depth values from 2000-2005 within Illinois 













































































Figure 15.  The interpolated temperature (°C) raster map between river mile 231 (Starved Rock Lock and Dam) and 296 (Dispersal 
Barrier) of the Illinois Waterway. Map reads from A to H.  
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Figure 16.  The interpolated secchi disk depth (cm) raster map between river mile 231 (Starved Rock Lock and Dam) and 296 
(Dispersal Barrier) of the Illinois Waterway. Map reads from A to H.  
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Figure 17.  The interpolated dissolved oxygen (mg/L) raster map between river mile 231 (Starved Rock Lock and Dam) and 296 
(Dispersal Barrier) of the Illinois Waterway. Map reads from A to H.  
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Figure 18.  The interpolated specific conductance (µS/cm) raster map between river mile 231 (Starved Rock Lock and Dam) and 296 
(Dispersal Barrier) of the Illinois Waterway. Map reads from A to H.  
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Figure 19.  The interpolated chlorophyll-a (µg/L) raster map between river mile 231 (Starved Rock Lock and Dam) and 296 (Dispersal 
Barrier) of the Illinois Waterway. Map reads from A to H. 
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Figure 20.  Illinois Waterway raster map of the gradients of suitable Asian carp habitat between river mile 231 (Starved Rock Lock 
and Dam) and 296 (Dispersal Barrier). Map reads from A to H. 
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Figure 21.  Summary of Illinois Waterway habitat suitability within our study reach and the La 













































































Figure 22.  Illinois Waterway raster map of the gradients of suitable Asian carp habitat between river mile 80 (La Grange Lock and 
Dam) and 155 (Peoria Lock and Dam). Map reads from A to H. 
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Figure 23.  Maximum daily velocities for United States Geological Survey Illinois Waterway 

















































Figure 24.  Proportion of refuge versus non-refuge areas within Illinois Waterway pools. Refuge 
areas (black) are contiguous and isolated backwaters, side channels, tailwaters, secondary 






















































Figure 25.  Illinois Waterway raster map of the gradients of suitable Asian carp habitat between river mile 231 (Starved Rock Lock 
and Dam) and 296 (Dispersal Barrier) and the areas Asian carp would mostly occupy circled. Map reads from A to H. 
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APPENDIX A: INHS Asian Carp Questionnaire Results Summary  
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EXECUTIVE SUMMARY 
Results were summarized from an Asian Carp questionnaire that had been 
distributed to biologists within the Mississippi River Basin.  The primary objective of the 
questionnaire was to obtain basic information about, bighead carp (Hypophthalmichthys 
nobilis) and silver carp (Hypopthalmichthys molitrix), collectively known as Asian carp.  
Survey questions focused on seasonal variation of capture, gear effectiveness, water 
quality predictors, habitat areas, water depth and transparency, and substrate information.  
Information gathered from the questionnaire was used to map potential Asian carp habitat 
areas within a 60-mile section of the Illinois Waterway between river miles 231-296.  
Survey results also will be available as a catalogue of North American sampling 
experiences for Asian carp.  Pertinent results and inferences from the survey are:   
 
1. Most survey respondents did not actively target sampling for 
Asian carp (79%), although fifty-six percent reported Asian carp 
common or abundant within their area. 
2. Sampling gears rated as “best” by respondents were: trap net, 
electrofishing, gill net, trammel net, cast net, rotenone, and hoop 
net.  Some unique sampling strategies were also noted by a few 
respondents. 
3. Dissolved oxygen, water temperature, transparency, chlorophyll-
a concentration, and water flows were indicated as potential 
indicators of Asian carp presence. 
4. The most frequently noted habitat areas were confluences with 
tributaries, back water areas, below dams, side channels, and 
channel borders. 
5. Reported temperature ranges, water depths, substrate, and water 
flow were comparable to ranges cited in the literature. 
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INTRODUCTION 
The Asian carp questionnaire distributed to Mississippi River Basin scientists was 
an essential component to understanding Asian carp habitat preferences within the 
Illinois Waterway and a contribution to the overall understanding of Asian carp in North 
America.  Bighead carp (Hypophthalmichthys nobilis) are native to south eastern China 
and Asia, between 24° to 47° N latitudes and silver carp (Hypopthalmichthys molitrix) 
native range extends further into eastern Russia, between 21° to 54° N latitudes (Kolar et. 
al 2005).  H. nobilis and H. molitrix may be well suited and adapt easily to North 
American waters because most of their native range and a large portion of the Mississippi 
River Basin fall within the temperate broadleaf and mixed forest biome.  In their native 
ranges bighead carp are considered to be a hardy species and tolerate a wide range of 
environmental conditions during spawning (e.g., temperature and turbidity) (Jennings 
1988).  Both species also share the same advantages as other successful aquatic invasive 
species: the capacity for higher productivity, enhanced dispersal capabilities, lack of 
native predators or natural controls, seasonal advantages, or growth period advantages 
(e.g., early maturation).  In particular, interspecific competition for food resources, 
prolific reproduction, and lack of predators have fueled their steady advancement toward 
the Great Lakes ecosystem.   
Bighead carp and silver carp, collectively known as Asian carp, were first 
introduced into a private pond in Arkansas in 1970’s for use in aquaculture (Freeze and 
Henderson 1982).  Although, the Arkansas Fish and Game Commission regulated Asian 
carp fish farm dealers and restricted their stocking to private waters only (Freeze and 
Henderson 1982) these fish have since escaped and are now common in the Mississippi 
River drainage basin.  Major rivers with known populations include Mississippi River, 
Missouri River, Ohio River and southwestern Illinois River (Chick and Pegg 2001).  
Resource competition, consumption rates, and reproductive capabilities of Asian 
carp pose a great threat to native populations.  Bighead carp are primarily 
zooplanktivores and silver carp are primarily phytoplanktivores, however both are 
opportunistic feeders.  Due to their feeding habit and filtering capacity Asian carp were 
used in fish ponds and hatcheries to improve water quality (Freeze and Henderson 1982).  
Asian carp have the capacity to filter small particles (H. nobilis: 17-3000 µm; H. molitrix: 
7-100 µm) (Cremer and Smitherman 1980, Spataru and Gophen 1985, Lieberman 1996).  
Silver carp filtration is enhanced by production of mucus over the gill raker membranes 
(Cremer and Smitherman 1980).  Bighead carp consume nearly 6.6% to 11.3% of the fish 
body weight and silver carp consume approximately 17.2 % to 20.9% of the body weight 
(Jennings 1988, Opuszynski and Shireman 1993, Kolar et. al 2005).  Within the Illinois 
River, Asian carp may reach large sizes: bighead carp may grow to 100 cm total length 
and weigh greater than 40 kg and silver carp may reach 100 cm total length and weigh up 
to 27 kg (Rasmussen 2002). 
These characteristics may directly impact planktivores and indirectly impact 
piscivore recruitment through resource competition.  Competition occurs with the 
following native filter feeders: gizzard shad, paddlefish, and bigmouth buffalo within the 
Mississippi River basin (Schrank et al. 2001, Kolar et al. 2005).  Studies in the Missouri 
River suggest a decline of larval freshwater drum (Schrank et al. 2003).   
The fecundity of H. nobilis and H. molitrix are fairly high and some data suggests 
multiple spawning periods in the spring and fall (Rasmussen 2002, Schrank and Guy 
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2002).  Large body sizes in male Asian carp are linked to increased gonadal development 
and fecundity (Verigin et al. 1990).  In addition to their disruption of the ecological 
balance of large river systems Asian carp have negatively impacted commercial fisheries 
on these systems.  They foul commercial fishing nets and impose financial losses to 
commercial fishermen because their market value is less than commercial species (Chick 
and Pegg 2001, Jones and Pitlo 2005).  
 All these factors threaten aquatic ecosystem integrity and fishery 
economies of the Mississippi River Basin and the Great Lakes Basin.  The Illinois River, 
Des Plaines River, and Chicago Sanitary and Ship Canal (CSSC), collectively known as 
the Illinois Waterway, artificially provide the only linkage between the Great Lakes 
Basin and the Mississippi River Basin.  These concerns have fostered many research and 
management projects.  In the CSSC, about 55 miles west of Lake Michigan, an electric 
dispersal barrier has been constructed to stop the exchange of fishes between the Great 
Lakes and the Mississippi River basin.  As part of the efforts to stop their expansion an 
emergency response plan has been drafted for use should Asian carp threaten to breach 
the dispersal barrier.  Other projects include: testing of the dispersal barrier effectiveness 
with radio-tagged Cyprinus carpio (common carp); understanding Asian carp 
competition with native filter-feeders; assessment of Asian carp growth on Great Lakes 
plankton; assessment of an Asian carp commercial fishery; and evaluation of potential 
Asian carp habitats within the Illinois Waterway.  
The objective of the questionnaire was to better understand Asian carp North 
American habitat preferences from biologists working within the Mississippi River basin, 
researchers studying Asian carp, as well as members of the Mississippi Interstate 
Cooperative Resource Association (MICRA) and Mississippi River Basin Panel (MRBP) 
work groups (see Appendix I for questionnaire distributed to participants).  The 
questionnaire merges general information on H. nobilis and H. molitrix and contributes to 
the understanding and evaluation of Asian carp habitat characteristics within the Illinois 
Waterway.  Basic information is needed about where Asian carp are most likely to occur 
within North American waterways for improving current and developing future 
management strategies.  The information obtained through the survey was a critical 
component for development of a Geographic Information System (GIS) that inventoried a 
60 mile section of the upper Illinois Waterway between the Starved Rock Lock and Dam 
(RM 231) and the electric dispersal barrier (RM 296.4) for potential Asian carp habitat.  
The GIS maps should help focus future field data collection needs, provide spatially 
referenced abiotic and biotic data, and provide the scientific and management 
communities with potential Asian carp habitat preferences based on sampling and 
observational experiences within the Mississippi River basin.  The information derived 
from this project also will be useful as a management tool for developing efficient Asian 
carp sampling and monitoring protocols and for developing control strategies for Asian 
carp and other aquatic nuisance species.  
 
METHODS 
Sixty-six organizations were solicited for participation in the questionnaire: two 
businesses, forty government agencies (three Canadian), nine non-governmental 
organizations, and fifteen universities.  Questionnaire responses were collated, frequency 
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histograms were generated, and where appropriate questionnaire responses were ranked 
according to frequency of responses.  
We asked participants to consider all their experiences with larval, juvenile, sub-
adult, or adult bighead carp and silver carp, whether from sampling or simple observation 
when responding.  Survey questions focused on seasonal variation of encounters, gear 
used when Asian carp were encountered, and Asian carp preferences for habitat types, 
depth, substrate types, and water quality parameters.  For the purposes of our 
questionnaire, we asked biologists to use their professional insight and common sense 
when applying the terms rare, common, and abundant.  Our objective was to better 
understand the habitat preferences of Asian carp through biologists' experiences and 
intuitions.  Quantifying Asian carp abundance across systems was not an objective of this 
survey.  In addition, questionnaire questions did not distinguish whether sampling 
activity was for research, population assessment, or monitoring for range extension 
purposes.  
We defined categorical ranges for the following variables: water temperature, 
water depth, water column depth, flow, water clarity, and substrate type.  We then asked 
participants to indicate over which of the defined ranges they most frequently 
encountered each life stage of bighead carp and silver carp.  To assess associations of the 
life stages of Asian carp with these parameters frequency histograms were created to 
illustrate the number of responses for each of the defined category ranges.  
Participants were asked to rank gear effectiveness at capturing Asian carp using 
the following ratings: not used, poor, fair, good or best.  To assess gear effectiveness, we 
included only those responses from participants who actively sampled for Asian carp.  
We asked participants to indicate the relative abundance (rare, common, or abundant) for 
the life stages of Asian carp for each month of the year to assess seasonal variation.  
Participants were also asked to indicate their encounters with the life stages of Asian carp 
as rare, common or abundant over substrate types they routinely sampled and have found 
Asian carp. 
To assess Asian carp associations with water quality parameters, we asked 
participants to identify those water quality parameters they routinely collected, then 
indicate the potential utility of the parameter as a predictor of Asian carp presence, and 
finally to specify the type of relationship between Asian carp abundance (or presence) 
and the potential predictor parameter.  This question did not address species-specific or 
life stage-specific responses.  
Asian carp habitat preferences were assessed using a series of questions related to 
habitat features: (1) indicate relative abundance (rare, common, or abundant) of larval, 
juvenile, sub-adult and adult bighead carp and silver carp within habitat areas, (2) 
indicate if Asian carp were the dominant species within habitat features with reference to 
life stage, (3) list three habitats or structures where encounters with Asian carp (not 
specific to life stage or species) are likely based on participants ecological knowledge and 
observational experiences, and (4) hypothetical scenario instructing participants to use 
ecological knowledge, sampling and observational experiences to locate Asian carp 
quickly and easily (not specific to life stage or species).  The following hypothetical 
scenario was posed to participants: “A local Legislative representative is visiting your 
office and wants to witness ‘flying silver carp’ or view a large bighead carp.  Barring all 
scientific rigors, where would you take this person and within what habitat features 
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would you sample within your system (i.e., depths, velocities, temperatures, vegetative 
cover, etc…)?”  Phrases containing water quality or habitat references were pulled from 





The forty-eight completed questionnaires represented fifteen of the thirty-one 
states located within the Mississippi River basin, and two locations outside the basin: 
Michigan and the Province of Ontario.  Several state agencies returned one questionnaire 
that had been completed collectively by several biologists.  Three questionnaires were 
received from the fifteen universities solicited and no completed questionnaires were 
received from non-governmental organizations.  A majority (56%) of respondents 
reported the status of Asian carp as common or abundant within their area; 36% ranked 
Asian carp as rare and 8% indicated they were not present.  Twenty-seven percent of 
respondents actively sampled for Asian carp whereas 58% encountered them incidentally.  
Fifteen percent never encountered these species although almost one in four respondents 
reported that Asian carp were common within their system.  Seventy-nine percent of the 
respondents did not explicitly sample for Asian carp, 13% sampled specifically for Asian 
carp up to 8 times per year, and 8% sampled for Asian carp more than 12 times per year.  
River or stream ecosystems were the most frequently sampled systems (63%) followed 
by lakes (15%), ponds (10%), canals (7%), and reservoirs (5%).  Sixty-nine percent of the 
respondents reported general commercial fishing activity for any species with 
commercial value in their system.  Where commercial fishing activity occurred, 31% 
reported that more than 5 boats were actively fishing, 25% reported operations consisting 
of 2 to 5 boats, and 13% reported 1 to 2 boats commercial fishing (Table 1).   
 
Season 
In general, all life stages (larval, juvenile, sub-adult, and adult) had the highest 
percent common and abundant responses during June-September (Figure 1), although a 
few respondents indicated rare occurrences for this period.  Common encounters with 
larval bighead carp and silver carp occurred primarily during May-August, with the 
highest frequency in August.  Most respondents indicated that Asian carp juveniles were 
common or abundant for all months except January.  Juvenile bighead carp were more 
commonly present during July-September while juvenile silver carp were more 
commonly present during June-August.  Respondents indicated that both adult and sub-
adult Asian carp were encountered throughout the year.  The highest frequency of sub-
adult encounters for bighead carp was during July, August and September and encounters 
for silver carp sub-adults were primarily during August, September and October.  The 
highest frequency of adult bighead carp encounters occurred at two time intervals: 
March-April and July-September.  Silver carp adults also had a peak in encounters during 
March-April with a second peak occurring during June-October. 
 
Gear  
The majority of gear types were ranked “not used” or “poor” for all life stages of 
Asian carp.  The following gears were ranked “best” based on responses from the 
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respondents who actively sampled for Asian carp: trap net, electrofishing, gill net, 
trammel net, cast net, rotenone, and hoop net (Table 2).  Although no specific gear type 
was identified as being effective for sampling Asian carp or their life stages respondents 
rated trap nets as effective for sampling larval, juvenile, and sub-adult life stages for both 
species.  Gill nets, trammel nets, and hoop nets were rated as effective devices for 
sampling Asian carp adults.  Gill nets also were effective for sampling sub-adults for both 
species while trammel nets were rated effective for sampling sub-adult silver carp but not 
for bighead carp.  Cast nets and rotenone were rated as effective for sampling juvenile 




Four water quality parameters were noted as potential predictors with positive 
relationships to Asian carp: dissolved oxygen, temperature, water clarity (either as secchi 
or turbidity), and chlorophyll-a concentration (Table 3).  Flow was noted as a potential 
predictor with a negative relationship to Asian carp.  Temperature had the most responses 
for a potential positive predictor of Asian carp presence.  
 
Habitat 
Side channel, backwater, tributary confluence, and below dam (including wing 
dam) habitats most frequently generated common and abundant encounters for all life 
stages of bighead and silver carp (Table 4).  These four habitat types represent 60-70% of 
all possible responses. 
Twenty-three percent responded that Asian carp were the dominant taxa in one or 
more of the habitats where these species were encountered.  Very few respondents 
specified which Asian carp was dominant.  Most noted the life stage and habitat.  Adults 
were dominant within the following habitats: main channel, side channel, backwater, 
tributary/outlet confluence, and behind wing or kicker dikes.  Sub-adults were dominant 
in main channel, side channel, backwater, and tributary/outlet confluence.  Juveniles were 
the dominant fish in main channel, side channel, and below dams (Table 5).  Larval fish 
were not dominant in any habitat. 
 The most frequently indicated habitat types where Asian carp may be quickly and 





Participants were asked to indicate at which temperatures large numbers of Asian 
carp were observed using the following: < 4 °C, 4-10 °C, 11-15 °C, 16-20 °C, 21-25 °C, 
26-30 °C, or > 30 °C.  If participants did not directly monitor temperature conditions with 
sampling or observation of Asian carp they were asked to predict the temperature ranges 
they would expect to encounter them.  Predicted responses were sparse and did not mirror 
observed responses.  Respondents did not predict 21-30° C temperature range for larval, 
juvenile, sub-adult, or adult bighead carp and silver carp, except for juvenile bighead 
carp.  Respondents predicted juvenile bighead carp in temperatures between 21-25 °C.  
Where as, the greatest number of observed responses were between 21-30°C for larval, 
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juvenile, sub-adult, and adult bighead and silver carp (Figure 2 A and C).  Respondents 
predicted Asian carp sub-adults would be encountered in 11-15 °C, 16-20 °C and greater 
than 30 °C temperatures ranges but observed encounters for both adult and sub-adult 
Asian carp were within all temperature ranges.  
 
Water depth and water column depth  
Water depth is the distance measured from the water surface to the bottom 
substrate.  Water column depth refers to the distance measured from the water surface to 
a point in the water above the bottom substrate (e.g., a water sample was taken from the 
water column at 1 meter below the surface where the total water depth (from surface to 
the substrate) was 5 meters).  Questionnaire participants were requested to indicate both 
water depth and water column depth at which Asian carp were encountered using the 
following: shallow (<0.5 m), moderate (0.5-1.5 m), deep (1.5-5.0 m), and very deep (>5.0 
m).  We also requested participants who did not directly measure water depth conditions 
while sampling to indicate water depths and water column depths where they would 
expect to encounter Asian carp. 
In general, predicted responses to water depth and water column depth conditions 
were similar to observed responses (Figure 3 A-D).  Most respondents indicated observed 
encounters with larval and juvenile Asian carps within in shallow and moderate water 
depths (Figure 3).  Respondents observed sub-adult Asian carp within all water depths, 
except silver carp which were not encountered in shallow water depths.  The majority of 
observed responses indicated that both sub-adult Asian carp occurred at moderate water 
depths (Figure 3).  The majority of respondents indicated encounters with adult Asian 
carp at, moderate and deep water depths, although respondents indicated adult Asian carp 
at all water depths.  
Predicted responses were similar to observed responses to water column depth 
ranges for larval, juvenile and sub-adult Asian carp (Figure 4 A-D).  Predicted responses 
indicated larval Asian carp at moderate water column depths.  Juvenile Asian carp were 
predicted to be at shallow, moderate, and deep water column depths; the majority of 
responses were at moderate depths.  Respondents most frequently indicated larval 
bighead carp and silver carp observed at shallow water column depths (Figure 4).  Most 
observed responses indicated juvenile bighead carp and silver carp were at shallow water 
column depths.  Responses indicated adult bighead carp were observed at equally 
moderate and deep water column depth ranges.  Responses indicated more silver carp 
adults observed at moderate water column depths than at deep water column depths.   
 
Flow conditions 
Participants were asked to indicate water flows and water stages during which 
they had encountered Asian carps using the following: zero flows, low flows (<0.5 m/s), 
medium flows (0.5-1.5 m/s), high flows (>1.5 m/s), falling water conditions, rising water 
conditions, or stable water levels.  Again, if participants did not monitor flow conditions 
while sampling for Asian carp they were asked to predict the flow conditions they would 
expect to encounter them under. 
Most respondents predicted larval Asian carp to be encountered at high flows 
(Figure 5 B and 5D).  Juvenile bighead carp were predicted to be encountered at zero, 
low, medium and high flows while juvenile silver carp were predicted to be encountered 
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at all but low flows.  Bighead carp and silver carp sub-adults were predicted to be 
encountered at zero, low and medium flows.  Adult Asian carp were predicted to be 
encountered at all flows with the highest frequency of responses at low flows.   
Larval bighead carp were predicted to be encountered during falling, rising and 
stable water stages.  In contrast larval silver carp were predicted to be encountered only at 
rising and stable water stages.  Sub-adult and adult Asian carp were predicted to be 
encountered during stable water stages.  Respondents did not predict water stages most 
appropriate for encountering juvenile Asian carp.   
Respondents observed life stages of bighead and silver carp under all flow and 
water stage categories (Figure 5).  Larval, juvenile, and sub-adult Asian carp were 
observed most frequently at zero and low flows.  The majority of responses for 
encounters with adult Asian carp were at zero, low and medium flow conditions and all 
life stages were frequently observed for the three water stages. 
 
Water clarity 
Questionnaire participants were asked to indicate the degree of water clarity 
where Asian carp were encountered using the following secchi depth categories: < 0.3 m, 
0.3-0.5 m, 0.6-1.0m, 1.1-2.0 m, 2.1-3.0 m, 3.1-4.0 m, 4.1-5.0 m, or >5.0 m.  If 
participants did not measure this parameter during Asian carp sampling they were asked 
to predict water clarity conditions where they expect to encounter Asian carp. 
Respondents predicted water clarity depths similar to the observed encounters 
recorded for sub-adult and adult Asian carp (Figure 6 B and D).  There were few 
predicted responses for juvenile Asian carp. Larval Asian carp were predicted to be 
within all water clarity depths.  Seventy percent of the respondents had encountered all 
life stages of both Asian carp at water clarity depths less than or equal to 0.5 meters 
(Figure 6 A and C).  Responses for sub-adult and adult Asian carp were most frequent in 
the less than 0.3 meter water clarity depth category.  One respondent indicated encounters 
with sub-adult and adult Asian carp within all water clarity depth categories except 
greater than 5.0 meters.   
 
Substrate 
Respondents indicated adult bighead carp and silver carp abundance common and 
abundant over silt/clay, sand, gravel, manmade, and other substrate categories.  The 
majority of responses indicated adults were abundant over silt/clay and sand substrates 
(Figure 7).  Respondents indicated encountering adult silver carp over cobble and 
bedrock as rare.  In general larval, juvenile and sub-adults were not encountered over 
manmade, bedrock, or cobble substrates (Figure 7).  Responses for common and 
abundant encounters with larval bighead carp and silver carp were over gravel, sand and 
silt/clay substrates.  The majority of responses for common and abundant encounters with 
juvenile bighead and silver carp were over silt/clay substrates.  Most respondents 
indicated sub-adult Asian carp to be common and abundant over sand and silt/clay 
substrate categories.  
 
DISCUSSION 
The objective of this questionnaire was to obtain information on potential Asian 
carp habitat and environmental preferences for inclusion in a GIS map identifying high 
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probability areas that would be attractive to these species within the upper Illinois 
Waterway.  The GIS map will be utilized to develop protocols for monitoring Asian carp 
advancements into areas where they have not established populations or for mitigating 
the impact of established populations on native species.  Since participants were 
requested to answer questions based upon intuition developed through their experiences 
as well as based upon knowledge gained through scientifically designed studies 
discussions is limited to general observations and comparisons to observations from the 
published literature.  
The forty-eight completed surveys represented fifteen of the thirty-one states 
located within the Mississippi River basin, and two locations outside the basin: Michigan 
and the Province of Ontario.  Three surveys were received from the fifteen universities 
solicited and no completed surveys were received from non-governmental organizations.  
A majority (56%) of respondents reported the status of Asian carp as common or 
abundant within their area.  Fifteen percent never encountered Asian carp although nearly 
one in four respondents reported Asian carp common within their system.  Twenty-seven 
percent of respondents actively sampled for Asian carp whereas 58% encountered them 
incidentally.  For the 21% of respondents who explicitly sampled for Asian carp 13% 
sampled up to 8 times per year and 8% sampled more than 12 times per year.  River or 
stream ecosystems were the most frequently sampled systems (63%) followed by lakes 
(15%), ponds (10%), canals (7%), and reservoirs (5%).  Sixty-nine percent of the 
respondents reported general commercial fishing activity for any species within their 
system.  Where commercial fishing activity occurred, 31% reported that more than 5 
boats were actively fishing, 25% reported operations consisting of 2 to 5 boats, and 13% 
reported 1 to 2 boats commercial fishing (Table 1). 
Seasonal variation may influence Asian carp presence within habitat features.  For 
example, spawning in their native range requires high flows and high water levels for 
successful transport and hatching of eggs. These conditions generally occur in the 
spring/summer within the upper Illinois Waterway.  Although adult Asian carp were 
observed throughout the year there were apparent peak frequencies in spring and 
summer-early fall (Figure 1) that lends support to the postulation of protracted Asian carp 
spawning in the United States during spring through fall (Schrank and Guy 2002).  
Although responses for larval fish were low, larval bighead carp were reported as being 
common or abundant during May through August and larval silver carp were reported as 
being common or abundant during May through September.  These times coincided with 
peaks in the frequency of encounters with adult bighead and silver carp.  
Water temperature was positively associated with Asian carp abundance.  The 
optimal temperature range for adult bighead carp is 24-26.9 °C with a maximum fatal 
temperature of 38.8 °C (Garica et al. 1999, Jennings 1988).  The optimal feeding 
temperature range for juvenile bighead carp is 21-26 °C (Gorbach and Krykhtin 1988).  
Bighead and silver carp adults have similar water temperature preferences for spawning.  
Although Asian carp have an optimal temperature range 24-27 °C they are active within a 
broad temperature range.  Activity slows at 4 °C and there is little activity below 2 °C 
(Kolar et al. 2005).   
Of 28 respondents who routinely collect water temperature data 8 identified 
temperature as a potential indicator (Table 3).  Although respondents observed Asian 
carp across the entire temperature range both species appear to be most active between 
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21-30 °C (Figure 2).  This also correlates well with observed seasonal movement and is 
comparable to optimal feeding and spawning ranges for these species (Gorbach and 
Krykhtin 1988).  Within the upper Illinois Waterway temperatures in this range generally 
occur from May through September.  
Survey results suggest a relationship between water column depth and water 
clarity with Asian carp feeding behaviors and light attenuation in aquatic environments.  
Respondents encountered Asian carp most frequently in shallow to moderate water 
column depths (Figure 4) and the majority of encounters occurred in areas with water 
clarity less than or equal to 0.5 m (Figure 6).  Water clarity also was positively associated 
with Asian carp presence.  The feeding behavior of bighead carp (either pump-feeding or 
ram-feeding) (Lieberman 1996, Xie 1999) takes place at or near the water surface (Kolar 
et al. 2005).  Silver carp feeding takes place just below the surface within the photic zone 
(Kolar et al. 2005).  As watershed and river width increases in river ecosystems, light 
attenuation limits primary production shifting the depth of the photic zone closer to the 
surface.  Riverine environments may also have high turbidity because of terrestrial inputs 
depending on the time of year and weather conditions.   
These factors may indicate Asian carp presence is associated with shallow water 
column depths and areas of low water clarity because turbid environments reduce the 
depth of the photic zone driving Asian carp to feed in the top layer of water.  Decreased 
water clarity may be partly induced by Asian carp disturbance and re-suspension of 
sediments.  In Lieberman (1996), the experimental introduction of bighead carp and 
silver carp in controlled environments yielded increased turbidity (NTU) and decreased 
secchi depth.  
Flow-modifying features (dams and confluence with tributaries) and areas of low 
to zero flows (side channels and backwater lakes) were most frequently chosen by 
respondents as habitat and flow regime characteristics favorable for encountering Asian 
carp (Tables 5 and 6).  Generally respondents encountered Asian carp in flows less than 
0.5 m/sec but adults and to a lesser extent other life stages were observed at the faster 
flow rates (Figure 5).  Furthermore, several respondents negatively associated flow with 
Asian carp presence (Table 3).  These results suggest that Asian carp prefer low flow 
conditions.  Current and discharge are significant limiters of plankton production in lotic 
ecosystems.  In large river systems with abundant nutrients and sufficient residence time, 
phytoplankton production may be light limited through a combination of turbidity, depth 
and turbulence (Allan 1995).  Therefore plankton “contributions” from backwater areas 
and other areas of stagnant or slowly moving water are very important to 
replenish/supplement main channel plankton populations.  In addition, spawning activity 
requires changes in water level stage and increased water velocities so that the 
bathypelagic eggs stay afloat so that larvae may reach areas where flow conditions and 
resources are favorable for survival (Krykhtin and Gorbach 1981, Jennings 1988).  Asian 
carp require water velocities > 0.7 m/sec and temperatures >17 °C (21-26 °C optimal 
range for silver carp) (Krykhtin and Gorbach 1981, Jennings 1988).  However, recent 
work in the Missouri River suggests that bighead carp eggs may hatch without flowing 
water conditions (Kolar et al. 2005). 
Results did not produce a clear gear preference to maximize capture of Asian 
carp.  This may be due to the variability of agency protocols, manpower limitations for 
employing gears, or budget constraints.  Although questionnaire responses did not supply 
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conclusive information, several participants described their observational experiences 
with gears and gear selection.  One respondent frequently captures Asian carp by herding 
them from deeper water into shallow water.  This respondent believes that Asian carp 
inhabit shallow water in specific instances but they are usually at mid-depths; bighead 
carp may be found at the surface, particularly at night.  Another respondent commented 
that although thousands of fish may be seen while sampling only a few might be 
captured.  Similarly, a couple of questionnaire respondents commented that Asian carp 
were very good at avoiding gear during the spring and summer. 
Asian carp congregate during spawning.  Thus one would expect to encounter 
greater abundance of Asian carp during spawning.  One questionnaire respondent 
commented that Asian carp assemblage changes seasonally.  For example, during spring 
and summer they disperse and avoid gears thus misrepresenting a change in overall 
abundance.  During winter Asian carp have been noticed “hibernating” in groups in deep 
areas (Abdusamadov 1986).  Based on anecdotal sampling techniques and general 
comments, management and control strategies may require creative techniques.  In 
addition, a plankton sled net may be an effective gear for collecting larval Asian carp.  
Galat et al. (2004) successfully used this gear to study the influence of lateral 
connectivity on larval fish within several habitats on the lower Missouri River.  
The forty-eight respondents provided enough information to achieve the 
questionnaire objective to gather general information about Asian carp sampling and 
habitat conditions through sampling events, incidental encounters, observational 
experiences, anecdotal information, or predictions based on ecological knowledge.  
Although questionnaire participants worked in a variety of riverine and aquatic 
environments some habitat features were commonly reported by respondents.  For 
instance, when asked to list the top habitats where one could find Asian carps, flow 
modifying structures (dams), side channel, backwater, and tributary confluences 
dominated the lists (Table 4).   
General trends derived from the frequency of responses for temperature, water 
depth, water column depth, substrate, flow conditions were comparable to ranges cited in 
the literature and ecological inferences (Table 7).  This information was fundamental to 
creating habitat inventory maps for the upper Illinois Waterway.  There are gaps within 
the literature and survey results for some habitat conditions.  For example, there are 
unknown literature and survey information on Asian carp relations to conductivity, 
chlorophyll-a, secchi depth and turbidity.  In addition, the accuracy of the habitat 
preferences of bighead carp and silver carp are difficult to attain based on sampling 
experience alone.  Due to their sensitivity to boating activities and other water 
disturbances, it is difficult to decipher whether their location during sampling reflects 
favorable habitat conditions or is a result of relocation due to sampling or boat 
disturbance.  It is unknown whether these locations have the most favorable habitat 
conditions or simply satisfy the immediate need to escape the discomfort of boating 
disturbance.  Observational experiences of respondents suggest that Asian carp avoid 
barge and boating traffic and congregate in areas where boat traffic is limited.  Therefore, 
collating information from a variety of sources derived from the questionnaire was a 
critical step to fully understand and manage these species.  Integration of this information 
into a geographic context will help make sense of what the habitat conditions are where 
Asian carp congregate. 
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In conclusion, based on the forty-eight returned questionnaires, bighead and silver 
carp presence may be associated with areas with the following characteristics: areas of 
low flows (e.g., side channels and backwater areas), flow modifying structures (e.g., 
dams, wing dams, confluences), turbid areas (e.g., water clarity less than 0.6 m), and 
temperatures between 21-30° C.  Integration of this information into a geographic context 
and creation of the inventory maps for the upper Illinois Waterway are the next step to 
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Table 1.  Responses of questionnaire participants regarding their experience with Asian 
carp and estimated abundance of Asian carp within their area.  Results are percent of total 
responses.  
Asian carp status in your system   
None Rare Common Abundant 
 
8% 36% 33% 23% 
 
Sampling experience for Asian carp    
Not encountered Incidental Active   
15% 58% 27%   
Sampling frequency for Asian carp    
Never 1-3/Yr 4-8/Yr 9-12/Yr >12/Yr 
79% 11% 2% 0% 8% 
Commercial fishing (all species)    
None 1-2 Boats 2-5 Boats >5 Boats  
31% 13% 25% 31% 
 
Sampling environment in your region    
Lake River/stream Reservoir Pond Canal 
15% 63% 5% 10% 7% 
 
 
Table 2.  Gears ranked “best” for capture effectiveness of Asian carp based on responses 
from participants who actively sample for Asian carp. 
 
Bighead carp Silver carp 
Gear type Larval Juvenile 
Sub-
adult Adults Larval Juvenile 
Sub-
adult Adult 
Trap net X X X  X X X  
Electrofishing      X  X 
Gill net   X X   X X 
Trammel net    X   X X 
Cast net  X    X   
Rotenone  X    X   




Table 3. Water quality variables routinely collected by respondents, variables considered 
to be predictors of Asian carp presence and the type of predictive relationship.  Values 





















Number of participants 
that routinely collect 
variable 
Variable identified 
as a potential 
predictor 
Relationship 
to Asian carp  
Dissolved oxygen 17 1 + (1) 
Conductivity 17    
Temperature 28  8  + (4) 
PH 16    
Other 21 8   
Other categories    
Water clarity 13  4  + (3) 
Chlorophyll-a 2  1  + (1) 
Alkalinity 1  
 
 
Flow 4  4 + (1) - (3) 








Table 4.  Percentages of habitat types where participants experienced common and 
abundant encounters with Asian carp.  Results are given as percent of total possible 
responses; number of responses given in parentheses. 

























25% 22% 20% 24% 30% 21% 22% 25% 









7% 8% 13% 17% 8% 8% 13% 14% 
Main 
channel  6% 5% 7%  6% 7% 8% 
Debris piles 7%    8%    














Table 5.  Percentage of total responses indicating that various stages of Asian carp (non-
species specific) were dominant within a habitat feature. 
Habitat feature 
Adult 








Main channel 20% 14% 33.3%  
Side channel 20% 14% 33.3%  
Backwater  10% 29%   
Tributary/outlet confluence 30% 43%   
Below dams   33.3%  
Behind wing dikes or kicker dikes 10%    
Lake/Reservoir/Pond 
Lake bars and humps 10%    
 
Table 6.  Percentage of responses indicating a positive association between habitat types 
and adult Asian carp presence.  Results are given in percentage of the total responses for 
each question. 
 
Sampling & observational 
experience 






























Table 7.  The preferred water quality ranges cited in literature compared to preferred 
ranges from the questionnaire respondents.  †Kyrkhtin and Gorbach 1981, #Jennings 
1988, *Garcia et al. 1999, ^Kolar et al. 2005. 
 Bighead carp Silver carp 
Variable Literature Questionnaire Literature Questionnaire 
Conductivity     














Depth >9.8 feet^ 2- >16 feet > 9.8 feet^ 2- >16 feet 
Flow >2.6 ft/sec#  0-4.9 ft/sec 2.3-4.6 ft/sec† 0-4.9 ft/sec 
Temperature 24-27°C* 21-30°C 21-26°C† 21-30°C 




Water clarity  <0.6 m  < 0.6 m 
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Figure 1.  Seasonal variation in rare, common, and abundant encounters with the life 
stages of bighead carp (A-D) and silver carp (A2-D2).  Results are given in percent of 
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Figure 2.  Frequency of observed (A and C) and predicted (B and D) encounters of larval, 
juvenile, sub-adult, and adult bighead and silver carp within following temperature 















































































































Figure 3.  Frequency of observed (A and C) and predicted (B and D) encounters of larval, 
juvenile, sub-adult, and adult bighead and silver carp at shallow (<0.5 m), moderate (0.5-

























































































































Figure 4.  Frequency of observed (A and C) and predicted (B and D) encounters of larval, 
juvenile, sub-adult, and adult bighead and silver carp at shallow (<0.5 m), moderate (0.5-






















































































































Figure 5. Frequency of observed (A and C) and predicted (B and D) encounters of larval, 
juvenile, sub-adult, and adult bighead (A and B) and silver carp (C and D) under the 
following flow and stage conditions (m/sec): zero, low (<0.5), med (0.5-1.5), high (>1.5), 








































































































































Flow Stage Flow Stage 
84 
 
Figure 6.  Frequency of observed (A and C) and predicted (B and D) encounters with 



































































































































































Figure 7.  Frequency of respondents rare, common, and abundant encounters with 
bighead (A-D) and silver carp (A2-D2) larval, juvenile, sub-adult, and adult over 

























































































































































































































APPENDIX I: Asian carp Questionnaire
 Questions: Contact Karen Stainbrook at 847-294-4134 or by email at kms@uiuc.edu                      87 
 
Dear Survey Participant,  
 
The purpose of this survey is to generate a broad understanding of the habitat preferences of silver and 
bighead carps throughout their expanding range.  The information collected from this survey will be 
summarized into a habitat type database for utilization with GIS. Your collective insights based on sampling 
experiences will be very helpful to predict areas where Asian carp are likely to concentrate within the upper 
Illinois River and in the Chicago Sanitary and Ship Canal in the vicinity of the electric dispersal barrier between 
the Mississippi River drainage and the Great Lakes. Our goal is to anticipate those areas of especially 
preferred habitat for Asian carp that can be targeted for intensive sampling and/or control strategies as the 
carp move upriver.  
 
When answering these questions please include both your experiences from structured sampling assessment 
activities and intuitions that you have developed regarding preferred habitats, water quality, or other factors 
influencing abundance of Asian carp.  Please feel free to pass this survey along to another person, if 
appropriate. It should take you approximately 30 minutes to complete the survey.  
 
Thank you for your time and your willingness to share your knowledge and experience with silver and bighead 
carp. If you have any questions please contact Karen Stainbrook by phone (847-294-4134) or email 
(kms@uiuc.edu).  
 
Instructions: There are four sections to this survey: (1) contact information, (2) time of capture or sampling, 
(3) sampling gear, and (4) location and sampling conditions. Again, please include both your experiences from 
structured sampling and intuitions you have developed regarding preferred habitats and water quality 
characteristics of silver and bighead carp.  
 
If you are not able to complete this survey, please forward it to someone else within your organization as 
appropriate. 
 
Please mail, fax or email your completed survey by Friday, March 18 2005 to: 
  Karen Stainbrook  
  Illinois Department of Natural Resources 
  Lake Michigan Program  
  9511 Harrison St 
  Des Plaines, IL 60016 
 
Or fax to: 847-294-4128 




Larval       = ≤ 30 mm No fish     = no fish present in catch 
Juvenile    = 30-100 mm Rare         = find one or two fish in catch 
Sub-adult  = 100-450 mm Common  = find several fish in catch 
Adult         = >450 mm Abundant = find many fish in catch 
 
 
IMPORTANT: Please save the survey file to your hard drive before filling out. 
 
 
Thank you for your participating in this survey and thank you very much for your time. 
 
 
 Questions: Contact Karen Stainbrook at 847-294-4134 or by email at kms@uiuc.edu                      88 
 
Section A. Contact information 
Name:       Job Title:       
Organization:       
Address:                                                       City:                     State:           Zip Code :      
Phone Number:      Email:      
May we contact you with future questions?     Yes            No 
Body(ies) of water or rivers working on:       
Status of Asian carp in your area?    None          Rare        Common       Abundant  
Please indicate your sampling experience with Asian carp 
Not  encountered                 Incidental capture                                    Actively sampled                  
                                              Rare    Common     Abundant           Rare     Common       Abundant 
  
How frequently do you sample exclusively for Asian carp? 
 Never                   (1-3/yr)                  (4-8/yr)                  (9-12/yr)              >12/yr  
Are there local commercial harvesting activities?            Yes            No 
At what intensity are commercial harvesting activities? 
      None                   1-2 boats            2-5 boats               >5 boats  
If fish are ubiquitous within your region, if available, please provide detailed location (i.e., latitude and 
longitude, river miles, etc...):               
Section B. Time of year of sampling 
1. Please indicate during which months you have encountered larval, juvenile, sub-adult, and adult 
bighead and/or silver carp. For each month please indicate frequency of encounter:  
NA= not applicable, 0= no fish, 1= rare, 2= common, 3= abundant. 
 JAN FEB MAR APR 
MA
Y JUN JUL 
AU
G SEP OCT NOV DEC 
Bighead 
carp             
Larval                                     
Juvenile                                     
Sub-adult                                     
Adult                                     
Silver carp             
Larval                                     
Juvenile                                     
Sub-adult                                     
Adult                                     
 Questions: Contact Karen Stainbrook at 847-294-4134 or by email at kms@uiuc.edu                      89 
 
Section C. Sampling gear employed for various life stages. 
2. Please rank the gear types based on their sampling effectiveness for larval (L), juvenile (J), sub-
adult (S) and adult (A) bighead and silver carp with the following scale:  
0 = not used, 1 = poor, 2= fair, 3= good, 4= best. 
 Bighead carp Silver carp 
Gear type L J S A L J S A 
Trawl                  
Plankton net                 
Seine                 
Trap net                 
Gill net                 
Trammel net                 
Electrofishing                 
Minnow trap                 
Other, please specify:                      
3. Please indicate which water quality parameters you routinely collect, whether they may be an effective 
predictor of Asian carp presence, and specify relationship? Please check all that apply. 
Water quality parameter Collected Potential Predictor Relationship between Abundance and predictor 
Dissolved oxygen 
        
Conductivity 
        
Water temperature 
        
pH 
        
Other, please specify:       
        
Other, please specify:       
        
Other, please specify:       
        
Other, please specify:       









 Questions: Contact Karen Stainbrook at 847-294-4134 or by email at kms@uiuc.edu                      90 
 
Section D. Location and conditions of sampling. 
4.  What type(s) of aquatic environment(s) do you routinely sample and/or where have you found 
larval (L), juvenile (J), sub-adult (S) and adult (A) bighead and silver carp? Please indicate frequency 
of encounter: NA= not applicable, 0= no fish, 1= rare, 2= common, 3= abundant. 
 Bighead carp  Silver carp 
Type of aquatic environment L J S A L J S A 
Lake                         
River or stream                         
Reservoir                         
Pond                         
Canal                         
Other, please specify:                               
Other, please specify:                               
Are any life stages of either carp the dominant species in any of these environments?  Yes  No 
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5. What habitat features do you routinely sample and/or where have you found larval (L), juvenile 
(J), sub-adult (S) and adult (A) bighead and silver carp? Please check appropriate box and indicate 
frequency of encounter: NA = not applicable, 0= no fish, 1= rare, 2= common, 3= abundant. 
 Bighead carp Silver carp 
Habitat feature L J S A L J S A 
Rivers and streams 
        
Main channel                          
Side channel                          
Backwater lake                          
Channel border                          
Near confluence with tributary                          
Near confluence with outlet                          
Near power plant discharge                          
Near effluent discharge                          
Above dam                          
Below dam                          
Wing dam                          
Channel training structures                          
Near bridges                          
Overhanging vegetation                          
Debris piles                          
Aquatic vegetation beds                          
Pools (check one, if known):  shallow     deep                         
Riffles (check one, if known): shallow     deep                          
Glides                          
Lakes, Reservoirs, or Ponds    
Littoral area                          
Open water                          
Near rip/rap                          
Debris piles                          
Aquatic vegetation beds                          
Are any life stages of either carp the dominant species in any of these environments?  Yes  No 
If yes, which species, life stage and environment?       
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6. If Asian carp were not yet established and based on your experience and/or intuition, within what 
habitat features or structures would you look, please list up to 3 (or more if needed)? 








7. Generally, when you have observed large numbers of Asian carp, what was the water temperature 
range or what range you would predict to capture larval (L), juvenile (J), sub-adult (S) and adult (A) 
bighead and silver carp? Please indicate: NA= not applicable, P = Predicted, A= Actual 
 Bighead carp  Silver carp 
Water temperature range L J S A L J S A 
< 4 °C (<39 °F)                         
4-10  °C (39 -50 °F)                         
11-15 °C (51 -59 °F)                         
16-20 °C (60 -68°F)                         
21-25 °C (69 -77 °F)                         
26-30 °C (78- 86 °F)                         
>30 °C (>87 °F)                         
Other, please specify:                               
Other, please specify:                               
 
8. Generally, when you have observed large numbers of Asian carp what would you say the weather 
conditions were? Please check all that apply.  
 Bighead carp  Silver carp 
Weather conditions L J S A L J S A 
Clear 
        
Partly cloudy 
        
Cloudy 
        
Rain 
        
Thunderstorm 
        
Calm 
        
Windy 
        
Other, please specify:       
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9. Generally, within what range of water depth were larval (L), juvenile (J), sub-adult (S) and adult (A) 
bighead and silver carp captured or what depth range would you predict to capture them?  
Please indicate: NA = not applicable, P = Predicted, A = Actual. 
 Bighead carp  Silver carp 
Water depth range L J S A L J S A 
Shallow (<0.5 m) (1.6 ft)                         
Moderate (0.5-1.5 m) (1.6 -4.9 ft)                         
Deep (1.5-5.0 m) (4.9- 16.4 ft)                         
Very deep (>5.0 m) (>16.4 ft)                         
Other, please specify:                               
10. Generally, at what position within the water column were larval (L), juvenile (J), sub-adult (S) and 
adult (A) bighead and silver carp captured or where within the water column would you predict to 
capture them? Please indicate: NA = not applicable, P = Predicted, A = Actual. 
 Bighead carp  Silver carp 
Water depth range L J S A L J S A 
Shallow (<0.5 m) (1.6 ft)                         
Moderate (0.5-1.5 m) (1.6 -4.9 ft)                         
Deep (1.5-5.0 m) (4.9- 16.4 ft)                         
Very deep (>5.0 m) (>16.4 ft)                         
Other, please specify:                               
11. In general, under what flow conditions were larval (L), juvenile (J), sub-adult (S) and adult (A) 
bighead and silver carp captured or what flow conditions would you predict to capture them?  
Please indicate: NA = not applicable, P = Predicted, A = Actual. 
 
 
Bighead carp  Silver carp 
Flow conditions L J S A L J S A 
Zero flow                           
Low flows (<0.5 m/s) ( <1.6 ft/s)                         
Medium flows (0.5-1.5 m/s) (1.6-4.9 ft/s)                         
High flows (>1.5 m/s) (> 4.9 ft/s)                         
Falling water conditions                         
Rising water conditions                         
Stable water levels                          
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12. In general, at what depth ranges of water clarity were larval (L), juvenile (J), sub-adults (S), and 
adult (A) bighead and silver carp captured or what depth of water clarity would you predict to 
capture them? Please indicate: NA = not applicable, P = Predicted, A = Actual.  
 Bighead carp  Silver carp 
Water depth L J S A L J S A 
<0.3 m (1 ft)                         
0.3-0.5 m (1- 1.6 ft)                         
0.6-1.0 m (1.9- 3.2 ft)                         
1.1-2.0m (3.6- 6.5 ft)                         
2.1- 3.0 m (6.8- 9.8 ft)                         
3.1-4.0 m (10.2- 13.1 ft)                          
4.1-5.0 m (13.4- 16.4 ft)                         
>5.0 m (> 16.4 ft)                         
Other, please specify:                               
 
13. Over what substrate(s) have you routinely sampled and commonly found larval (L), juvenile 
(J), sub-adult (S), and adult (A) bighead and silver carp? For each substrate please indicate 
frequency of encounter: NA= not applicable, 0= no fish, 1= rare, 2= common, 3= abundant. 
 Bighead carp  Silver carp 
Substrate composition L J S A L J S A 
Silt/clay                         
Sand                         
Gravel                         
Cobble                         
Bedrock                         
Manmade structure                         
Other, please specify:                               
95 
14. A local Legislative representative is visiting your office and wants to witness “flying 
silver carp” or view a large bighead carp. Barring all scientific rigors, where would take 
this person and within what habitat features would you sample within your region (i.e., 
depths, velocities, temperatures, vegetative cover, etc...)? 







Please provide any additional comments. 























• ilr bathy.htm 
• bathymetric prediction layers.htm 
• bathymetric prediction error layers.htm 
• bathymetric raster sections.htm 
• bathymetric point shape subsets mdb.htm 
• depth231_296.htm 











































































• SR2440_2445_04 PREDICTION MAP.lyr 
• SR2430_2440 PREDICTION MAP.lyr 
• SR2428_2431 PREDICTION MAP.lyr 
• SR2424_2428 PREDICTION MAP.lyr 
• SR2414_2420 PREDICTION MAP.lyr 
• SR2402_2417 PREDICTION MAP.lyr 
• SR23_96 PREDICTION MAP.lyr 
• SR2375_2407 PREDICTION MAP.lyr 
• SR2374_2376 PREDICTION MAP.lyr 
• SR2372_2374 PREDICTION MAP.lyr 
• SR2366_2372 PREDICTION MAP.lyr 
• SR2326_2350 PREDICTION MAP.lyr 
• SR2321_2326 PREDICTION MAP.lyr 
• SR2311_2327 PREDICTION MAP.lyr 
• SR2305_2370 PREDICTION MAP.lyr 
• MA2742_2480 PREDICTION MAP.lyr 
• MA2708_2714_04 Training.lyr 
• MA2704_2708_02 Training.lyr 
• MA2695_2705_04 Training.lyr 
• MA2683_2695_04 Training.lyr 
• MA2672_2683_04 Training.lyr 
• MA2664_2672_04 Training.lyr 
• MA2654_2664_04 Training.lyr 
• MA2642_2654_04 Training.lyr 
• MA2627_2642_04 Training.lyr 
• MA2617_2627_04 Training.lyr 
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• ma2607_2617_04 TRAINING PREDICTION MAP.lyr 
• MA2584_2594_04 Prediction Training Map.lyr 
• MA2574_2584_04 Training Prediction Map.lyr 
• MA2564_2574_04 Training Prediction Map.lyr 
• MA2553_2564_N10M TRAINING PREDICTION MAP.lyr 
• MA2542_2553_N05M.lyr 
• MA2531_2542_N10 Prediction map.lyr 
• MA2520_2531_04 Prediction Map.lyr 
• MA2517_2517_04 Prediction Map.lyr 
• MA2505_2520_04M Prediction Map.lyr 
• MA2491_2502_04 Prediction Map.lyr 
• MA2480_2491_04 Prediction Map.lyr 
• MA2465_2472 PREDICTION MAP.lyr 
• MA2453_2456 PREDICTION MAP.lyr 
• MA2447_2455 PREDICTION MAP.lyr 
• MA2446_2470 PREDICTION MAP.lyr 
• LP2949_2975_train_prediction map.lyr 
• LP2910_2950_01_train Prediction map.lyr 
• DR82_96M_TRAINING .lyr 
• DR82_96m21_Training .lyr 
• DR2853_2859_Training.lyr 
• DR2850_2857_00 TRAINING.lyr 
• DR2831_2858_TRAINING.lyr 
• DR2819_2831_TRAINING.lyr 
• DR2800_2819_00 TRAINING.lyr 
• DR2787_2802_02 TRAINING.lyr 
• DR2779_2800_TRAINING.lyr 
• DR2764_2779_00_TRAINING.lyr 
• DR2748_2764_00 TRAINING.lyr 
• DR2733_2748_00 TRAINING.lyr 
• DR2719_2733_00 TRaining.lyr 
• DR2715_2716_02m Training.lyr 
• DR2715_2715_00 Training.lyr 
• DR2713_2719_96m Training.lyr 




• SR2350_2370_02 PREDICTION MAP.lyr 
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• MA2594_2607_04 PREDICTION MAP.lyr 
 
• PredictionErrorLayers 
♦ SR2440_2445_04 PREDICTION ERROR MAP.lyr 
♦ SR2430_2440 PREDICTION ERROR MAP.lyr 
♦ SR2428_2431 PREDICTION ERROR MAP.lyr 
♦ SR2424_2428 PREDICTION ERROR MAP.lyr 
♦ SR2414_2420 PREDICTION ERROR MAP.lyr 
♦ SR2402_2417 PREDICTION ERROR MAP.lyr 
♦ SR2375_2407 PREDICTION ERROR MAP.lyr 
♦ SR2372_2374 PREDICTION ERROR MAP.lyr 
♦ SR2326_2350 PREDICTION ERROR MAP.lyr 
♦ SR2311_2327 PREDICTION ERROR MAP.lyr 
♦ MA2742_2480 PREDICTION ERROR MAP.lyr 
♦ MA2704_2708_02 Training Error Map.lyr 
♦ MA2683_2695_04 Training Error Map.lyr 
♦ MA2664_2672_04 Training Error Map.lyr 
♦ MA2642_2654_04 Training Error Map.lyr 
♦ MA2617_2627_04 Training Error Map.lyr 
♦ MA2584_2594_04 Prediction Error Training Map.lyr 
♦ MA2564_2574_04 Training Prediction Map Error.lyr 
♦ MA2542_2553_N05M Error Map.lyr 
♦ MA2520_2531_04 Prediction Error map.lyr 
♦ MA2505_2520_04M Prediction Error Map.lyr 
♦ MA2480_2491_04 Prediction Error Map.lyr 
♦ MA2465_2472 PREDICTION ERROR MAP.lyr 
♦ MA2447_2455 PREDICTION ERROR MAP.lyr 
♦ LP2949_2975_train_Error map.lyr 
♦ DR2853_2859_Training_prediction map.lyr 
♦ DR2831_2858_TRAINING_PREDICTION ERROR.lyr 
♦ DR2800_2819_00 TR PREDICTION MAP.lyr 
♦ DR2779_2800_TR ERROR MAP.lyr 
♦ DR2748_2764_00 TR ERROR MAP.lyr 
♦ DR2719_2733_00_Training Error Map.lyr 
♦ DR2715_2715_00 Training Error Map.lyr 
♦ BR2883-2911_train_Error Map.lyr 
♦ BR2860_2872 Prediction Error Map.lyr 















































































































































































































































⇒ Suitable Habitat Tools 
 Calculate Suitable Habitat 


























 aquatic areas Illinois rm 80-155.htm 
 aquatic areas Illinois rm 155-231.htm 
 aquatic areas Illinois rm 231-296.htm 
 bathymetry Illinois rm 80-155.htm 
 bathymetry Illinois rm 231-296.htm 
 chlorophyll a Illinois rm 80-155.htm 
 chlorophyll a Illinois rm 231-296.htm 
 conductivity Illinois rm 80-155.htm 
 conductivity Illinois rm 231-296.htm 
 dissolved oxygen Illinois rm 80-155.htm 
 dissolved oxygen Illinois rm 155-231.htm 
 dissolved oxygen Illinois rm 231-296.htm 
 secchi depth Illinois rm 80-155.htm 
 secchi depth Illinois rm 155-231.htm 
 secchi depth Illinois rm 231-296.htm 
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 temperature Illinois rm 80-155.htm 
 temperature Illinois rm 155-231.htm 

























• percent gradient suitable areas Illinois river dbf.htm 
• potential suitable asian carp habitats Illinois river rm 80-155.htm 







 reclassification Illinois river 80-155 aquatic areas.htm 
 reclassification Illinois river 80-155 chlorophyll a.htm 
 reclassification Illinois river 80-155 conductivity.htm 
 reclassification Illinois river 80-155 depth.htm 
 reclassification Illinois river 80-155 dissolved oxygen.htm 
 reclassification Illinois river 80-155 secchi depth.htm 
 reclassification Illinois river 80-155 temperature.htm 
 reclassification Illinois river 155- 231aquatic areas.htm 
 reclassification Illinois river 155- 231 dissolved oxygen.htm 
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 reclassification Illinois river 155- 231 secchi depth.htm 
 reclassification Illinois river 155- 231 temperature.htm 
 reclassification Illinois river 231-296 aquatic areas.htm 
 reclassification Illinois river 231-296 chlorophyll a.htm 
 reclassification Illinois river 231-296 conductivity.htm 
 reclassification Illinois river 231-296 depth.htm 
 reclassification Illinois river 231-296 dissolved oxygen.htm 
 reclassification Illinois river 231-296 secchi depth.htm 




• aqa rm 0-80.htm  
• aqa rm 80-155.htm 
• aqa rm 155-231.htm 
• aqa rm 231-296.htm 
• ilr aq areas rm 0-80.htm 
• ilr aq areas rm 80-155.htm 
• ilr aq areas rm 155-231.htm 










 Illinois River 155_231_Feature Data.htm 
 Illinois River 231-296 Feature Data.htm 
 Illinois River EPA dams.htm 
 Illinois River EPA ecoregions.htm 
 Illinois River EPA ifd.htm 
 Illinois River EPA nsi.htm 
 Illinois River EPA rivers.htm 
 Illinois River EPA statsgo.htm 
 Illinos River river miles.htm 
 Illinois River Dams.htm 
 LakeMichigan.htm 
 Major Illinois Rivers.htm 




























• alton landwater.htm 
• alton water.htm 
• peoria landwater.htm 
• peoria water.htm 
• brandon landwater.htm 
• brandon water.htm 
• dresden landwater.htm 
• dresden water.htm 
• ilr 231-296 water.htm 
• ilr 231-296 water clipped.htm 
• lockport landwater.htm 
• lockport water.htm 
• marseilles landwater.htm 
• marseilles water.htm 
• starved rock landwater.htm 
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• starved rock water.htm 
• lagrange landwater.htm 
• lagrange water clipped.htm 
• lagrange water.htm 
• floodzones illinois river rm 231-296.htm 
⇒ Tributaries 
 Metadata 































⇒ Asian Carp Biological Questionnaire Report.pdf 







♦ Conductivity ILRM 80-155 Inverse Distance Weighting.lyr 
♦ ILR80-155 Temperature Inverse Distance Weighting.lyr 
♦ IL80-155 Secchi Ordinary Kriging Prediction Error.lyr 

















♦ DO 155-231.lyr 
♦ DO 155-231 St Err.lyr 
♦ Secchi155_231.lyr 
♦ Secchi155_231_St Err.lyr 
♦ Temp155_231.lyr 















































































• illinois river rm 80-155 fish & water quality data.htm 
• chlorophyll a base map illinois river 80-155.htm 
• conductivity base map illinois river 80-155.htm 
• dissolved oxygen base map illinois river 80-155.htm 
• prediction layers rm 80-155.htm 
• secchi depth base map illinois river 80-155.htm 
• temperature base map illinois river 80-155.htm 
• temperature base map rm 155-231.htm 
• dissolved oxygen base map rm 155-231.htm 
• illinois river rm 155-231 water quality data.htm 
• predictions layers rm 155-231.htm 
• secchi depth base map rm 155-231.htm 
• temperature base map rm 231-296.htm 
• chlorophyll a base map rm 231-296.htm 
• conductivity base map rm 231-296.htm 
• dissolved oxygen base map rm 231-296.htm 
• Illinois river rm 231-296 water quality data.htm 
• prediction layers rm 231-296.htm 
• raster sections rm 231-296.htm 



















 temperature illinois rm 231-296.htm 
 bathymetry illinois rm 80-155.htm 
 bathymetry illinois rm 231-296.htm 
 chlorophyll a illinois rm 80-155.htm 
 chlorophyll a illinois rm 231-296.htm 
 conductivity illinois rm 80-155.htm 
 conductivity illinois rm 231-296.htm 
 dissolved oxygen illinois rm 80-155.htm 
 dissolved oxygen illinois rm 155-231.htm 
 dissolved oxygen illinois rm 231-296.htm 
 secchi depth illinois rm 80-155.htm 
 secchi depth illinois rm 155-231.htm 
 secchi depth illinois rm 231-296.htm 
 temperature illinois rm 80-155.htm 
 temperature illinois rm 155-231.htm 
projectexample.mxd
 
 
 
 
